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ABSTRACT 
The synthesis and characterization of a series of ruthenium 'sawhorse' complexes of the 
type [RU2(IJ-02CRh(CO)4(Lh]' has been successfully carried out. The complexes have 
been characterized by IR, 1H and 13C NMR spectroscopy, elemental analysis as well as 
by mass spectrometry. All complexes were isolated as stable yellow solids (except 
complexes 10, 15 and 16 which were isolated as light yellowish brown oils) in good 
yields. The solid compounds exhibit high stability at relatively high temperatures with 
some being found to be stable up to temperatures as high as 200 cC. All complexes 
were very soluble in halogenated solvents. Cyclic voltammograms of representative 
complexes in dichloromethane show a one-electron irreversible oxidation process in the 
range from +0.34 to +0.62 V Complexes 2,5,7,9,10,13 and 14 were investigated as 
catalysts/catalyst precursors in the oxidation of cyclohexane and octane, using 30% 
aqueous hydrogen peroxide as an oxidizing agent. The oxidation was found to be highly 
temperature and solvent dependent. The catalytic activities were also found to be highly 
influenced by the presence of molecular oxygen and the concentration of H20 2. The 
oxidant-to-substrate molar ratio was found to have a significant effect on the yields of 
products obtained. A 2: 1 oxidant-to-substrate molar ratio gave the best results. No 
catalytic activity was observed at a H20 2 concentration corresponding to a 1: 1 ratio, 
while increasing this ratio to 3: 1 resulted in a decrease in activity. It was also observed 
that by halving the amount of catalyst from 0.5 to 0.25 IJmol, the amount of oxidation 
products decreased by a factor of -10 times, and more importantly, an increase in the 
yields of unidentified products was also observed. Conversions of up to 5.7% (2.4% and 
3.3% yields for cyclohexanol and cyclohexanone, respectively) were obtained for 
complex 7, which were comparable to those reported in the literature. It is proposed that 
upon the interaction of the binuclear ruthenium carboxylate-bridged complexes, [RU2(IJ-
02CRh(CO)4(Lhl with hydrogen peroxide, the catalytic active species, (which is 
presumed to be a peroxo species or/and hydroxyl radical) is generated, which then 
attacks the alkane molecules and, thus leads to its oxidation. The results presented in 
this thesis provide an interesting example of the activity of homogeneous catalysts 
toward alkane oxidations under relatively mild conditions. 
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Notation 
br 
bp 
°C 
ca. 
calc 
d 
dd 
ddd 
g 
h 
Hz 
J 
L 
m 
M 
M 
min 
mmol 
I-lmol 
ppm 
R 
s 
sh 
td 
t 
tt 
Td 
TOF 
ABBREVIA TIONS 
broad in infrared 
boiling point 
degrees Celsius 
approximately 
calculated in microanalysis 
doublet in NMR 
doublet of doublets in NMR 
doublet of doublet of doublets in NMR 
grams 
hour 
hertz 
coupling constant 
ligand 
medium in infrared or multiplet in NMR 
metal 
molecular weight 
minutes 
millimoles 
micromoles 
parts per million 
alkyl group 
strong in infrared or singlet in NMR 
shoulder in infrared 
triplet of doublets in NMR 
triplet in NMR 
triplet of triplets in NMR 
decomposition temperature 
turnover frequency 
v 
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TON 
vs 
w 
turnover number 
very strong in infrared 
weak in infrared 
Compound abbreviations 
ArT01C02- 2,6-di(p-tolyl)benzoate 
Ar4-tBuPhC02-
Ar4-FPhC02-
ArMesC02-
BBAN 
bdptz 
BEAN 
bipy 
BIPhMe 
BPEAN 
BPMAN 
BPMP 
dan 
DMF 
H-bimp 
HB(pzh 
hexpy 
H2Hbamb 
H2XDK 
H2PXDK 
im 
Me 
Me3TACN 
2, 6-d i( 4-tert -butylphenyl)benzoate 
2, 6-d i( 4-fluorophenyl)benzoate 
2, 6-d imesitylbenzoate 
2,7 -bis(N,N-dibenzylaminomethyl)-1 ,8-naphthyridine 
1 ,4-bis(2,2' -dipyridylmethyl) phthalazine 
2,7 -bis(N,N-diethylaminomethyl)-1 ,8-naphthyridine 
2,2'-bipyridine 
bis(1-methylimidazol-2-y1) phenylmethoxymethane 
2,7 -bis{bis[2-(2-pyridyl)ethyl]aminomethyl}-1 ,8-
naphthyridine 
2,7 -bis{bis(2 -pyridylmethyl)am inomethyl}-1 ,8-
naphthyrid i ne 
(bis(2-pyridylmethyl)-1 ,4-piperazine) 
1,8-diaminonaphthalene 
dimethyl formamide 
2, 6-bis[ (bis(l-methylim idazol-2-yl)methyl)-am ina )methyl]-4-
methyl phenol 
tris-1-pyrazolylborate 
1,2-bis[2-di(2-pyridyl)methyl-6-pyridyl]ethane 
2,3-bis(2-hydroxybenzamido)-2,3-dimethylbutane 
m-xylylenediamine bis(Kemp's triacid)imide 
m-xylylenediamine bis(propyl Kemp's triacid)imide 
imidazole 
methyl 
1,4,7 -trimethyl-1,4, 7 -triazacyclononane 
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m-CPBA 
N-Et-hptb 
N-Melm 
OAc 
OBz 
OIPh 
opba 
on 
Ph 
Ph-tidp 
py 
pz 
pzMe2 
TACN 
tmima 
TPAItpa 
m-chloroperbenzoic acid 
N,N,N',N'-tetrakis(N'-ethyl-2-benzylimidazolylmethyl)-2-
hydroxo-1,3-diaminopropane 
1-methylimidazole 
acetate anion 
benzoate anion 
iodosylbenzene 
N, N'-o-phenylenebis( oxamate) 
triflate 
phenyl 
N, N, N', N'-tetrakis( 1-methyl-4, 5-diphenyl-2-
imidazolylmethyl)-1,3-diaminopropan-2-olate 
pyridine 
pyrazole 
3, 5-d imethylpyrazole 
triazacyclononane 
tris( (1-methylimidazol-2-yl)methyl)amine 
tris(2-pyridylmethyl)amine 
Amino acid abbreviations 
Arg 
Asp 
Glu 
His 
Arginine 
Aspartic acid 
Glutamate 
Histidine 
Other abbreviations 
AH 
AlkB 
AMOs 
MMO 
pMMO 
alkane monooxygenase 
alkane hydroxylase 
aromatic/alkene monooxygenase 
methane monooxygenase 
particulate methane monooxygenase 
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sMMO 
PHs 
T4MO 
XylM 
ESI 
FAB 
FID 
FT-IR 
GC 
GC-MS 
HPLC 
IR 
MS 
NMR 
TGA 
soluble methane monooxygenase 
phenol hydroxylase (monooxygenase) 
toluene 4-monooxygenase 
xylene monooxygenase 
Electrospray Ionisation 
Fast Atom Bombardment 
Flame Ionization Detector 
Fourier-Transform Infrared 
Gas Chromatography 
Gas Chromatography-Mass Spectrometry 
High Performance Liquid Chromatography 
Infrared 
Mass Spectrometry 
Nuclear Magnetic Resonance 
Thermog ravimetric Analysis 
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Chapter 1 
INTRODUCTION TO C-H BOND ACTIVATION 
1.1 INTRODUCTION 
Alkanes, particularly the most abundant, methane, are the cheapest natural 
source of hydrocarbon, but the stability of their C-H bonds prevents their 
conversion to more economically valuable products. Traditionally, natural gas 
composed mainly of methane, reacts at high temperatures, as encountered in 
combustion, but such reactions are not controllable and proceed to the 
thermodynamically stable and economically non-valuable products, carbon 
dioxide and water.1 With the gradual depletion of current oil reserves, natural gas 
is predicted to be a very important source of energy in future. The escalating 
crude oil price which is currently more than US$130 per barrel, is a strong 
enough motivation for invention and commercialization of new coal and natural 
gas-based technologies to complement the depleting petroleum. Much scientific 
research has thus been devoted to converting methane into transportable liquid 
form of methanol or longer-chain hydrocarbons which can be used as synthetic 
intermediates or liquid fuels. 2 
The conventional method for converting methane into methanol involves an initial 
steam reforming step, in which methane is converted into synthesis gas (CO and 
H2), using a nickel-based catalyst (NilAI203/CaO) at very high temperatures and 
pressures (700 - 900 DC and 10 - 40 bar).3 The resulting synthesis gas mixtures 
are then converted either to methanol or to higher paraffins 4a This technology 
has been commercialized by Mobil, New Zealand in 1986, where methanol is 
further converted to gasoline range hydrocarbons.4a In South Africa, the Mossgas 
plant and SASOL I use methane as a feedstock to make syngas, whereas 
SASOL II and III make use of coal. The syngas is then converted to fuel 
hydrocarbons via the Fischer-Tropsch synthesis. 4b Clearly, the classical 
reforming route is technically viable, but the processes are energy-
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Chapter 1 Introduction to C-H bond activation 
intensive and too expensive to compete with oil. 4a The invention of a cost-
effective direct methane conversion processes is therefore an urgent need to 
allow the utilization of natural gas-based feedstocks more efficiently. 
1.2 HOMOGENEOUS, HETEROGENEOUS AND BIOCATAL YSIS 
The catalytic chemical transformation of saturated hydrocarbons is now being 
pursued using three principal areas of catalysis, namely: homogeneous catalysis 
by organo-transition metal complexes, heterogeneous catalysis by metal oxides 
and enzymatic/biomimetic catalysis. Extensive research in this field is evident 
from several reviews 1,5,6,7 which have been published comparing the potential 
and practical applications of the three area of catalysis. There are advantages 
and disadvantages associated with each of these three kinds of catalytic 
systems. The three areas of catalysis will be reviewed here briefly. A comparison 
of homogeneous, heterogeneous and biocatalysis is outlined in Table 1.1. 
1.2.1 Homogeneous catalysis 
In the field of C-H activation, homogeneous catalysis focuses on selectively 
functionalizing the C-H bonds by using transition metal-based catalysts in 
organic solvents at relatively moderate temperatures. Homogeneous catalysts 
offer a number of important advantages over their heterogeneous counterparts. 
The catalyst is a dissolved metal complex and it is in solution with the substrates 
to be reacted so that all catalytic sites are accessible, which further enhances the 
activity. The major advantage of homogeneous catalysis is selectivity, although 
for longer chain alkanes, there is usually very little control over the product 
selectivity. Unlike heterogeneous catalysts, it is easy to modify and fine tune 
homogeneous catalysts in order to optimise the activity and selectivity. The fact 
that the reactions are performed under mild conditions (usually at temperatures 
lower than 250°C), and with higher selectivities, makes it quite feasible to carry 
out kinetic and mechanistic investigations in homogeneous catalysis which is not 
2 
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the case with heterogeneous catalysis. Because of high selectivity and 
reproducibility, homogeneous catalysts are commonly used in the production of 
high purity, high value fine chemicals. 
Despite their advantages, homogeneous catalysts are not the choice for 
industrial purposes because of one major disadvantage, namely: the difficulty 
encountered in the separation of the products from the catalyst and the reaction 
medium in a continuously running reaction process. 8 Much research in 
homogeneous catalysis is now aimed at using dendrimers as ligands and other 
strategies to overcome the main problem of separation 8 The identical groups on 
the periphery of the dendrimer acts as ligand-binding groups and complex to the 
metal to form metallodendrimers which can be used as suitable catalysts. The 
use of dendrimer based catalysts in homogenous catalysis could offer a suitable 
solution by attempting to remove the catalyst by nanofiltration through a suitable 
membrane. Dendrimers have also been demonstrated to enhance the selectivity 
of catalytic reactions as a result of steric crowing in the periphery. 
1.2.2 Heterogeneous catalysis 
C-H bond activation by heterogeneous catalysis involves the use of the catalyst 
in its solid state which tends to facilitate high-temperature gas-phase reactions. 
Generally, these catalysts are either oxides or metal cations and complexes 
incorporated into solid inorganic supports such as silica, alumina, zeolites, 
cationic and anionic clays as well as organic polymers, and their substrates are 
mostly in the gaseous phase. 9a Heterogeneous catalysts operate at relatively 
high temperatures (> 250°C) which usually results in high catalytic activity. When 
compared to homogeneous systems, heterogeneous catalysts present many 
advantages such as easy separation and recovery of the catalyst from the 
reaction media. 9b Heterogeneous catalysts also have a longer lifetime as binding 
of the catalysts to a solid supports increases the stability of the catalytic species 
and protection against catalyst destruction. 
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The major problem with heterogeneous catalysis is that the extreme reaction 
conditions required usually lead to low selectivity for the desired products, and 
complete oxidation of the hydrocarbons to thermodynamically favoured products, 
carbon dioxide and water. Reaction mechanisms in heterogeneous catalysis are 
poorly understood as there are no feasible spectroscopic methods for observing 
reaction intermediates. The other problem also encountered in heterogeneous 
catalysis is leaching of the active metal ions/catalysts which results in a decrease 
in activity and hinders reproducibility.9c 
Approaches to overcome problems with heterogeneous catalysis include design 
of reactors that are effective enough to overcome overoxidation either by having 
permeable reactor walls that could selectively pass products, or a hydrophobic 
active site that would expel polar products while retaining non-polar substrates; 
or by designing catalyst surfaces that adsorb substrates more strongly than the 
products. Large-scale industrial processes such as hydrogenations, 
carbonylation and alkene polymerisation often use heterogeneous catalysts 
because of their high activities and the ease in separation and recovery of the 
catalyst from the reaction media.9 
1.2.3 Biocatalysis 
Another approach that has received a lot of attention over the past twenty years 
is the enzymatic and biomimetic approach. Nature performs ambient temperature 
alkane functionalization continualll through a variety of smart systems 
(enzymes) that efficiently catalyze hydrocarbon oxidations by activating dioxygen 
and inserting an oxygen atom into the C-H bonds. The two well known examples 
of such enzymes are cytochrome P450 and diiron monooxygenases. The 
enzyme responsible for methane-to-methanol transformation, the famous 
methane monooxygenase (MMO), has been wonderfully studied by a number of 
groups around the world, leading pioneers being those of Lippard group at MIT 
and Lipscomb group at University of Minnesota. The accumulated knowledge 
4 
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Table 1.1 
Comparison of homogeneous, heterogeneous and bio-catalytic systems 
Homogeneous 
catalysts 
Operate under mild to 
moderate conditions 
Some catalysts possess 
moderate to high activity 
with greater 
reproducibility. 
High product selectivity 
Separation of the 
products and catalyst 
Heterogeneous 
catalysts 
Operate under relatively 
harsh conditions i.e very 
high temperatures 
(>250°C) and pressures. 
Degree of activity is 
variable but relatively 
high, less reproducibility. 
Lower selectivity 
Easy separation of 
products and catalysts 
Biocatalysts 
Very mild conditions i.e 
physiological 
temperatures and 
pressures. 
Very high catalytic 
activity. 
100% selectivity 
Product separation is 
very efficient. 
from the reaction mixture from reaction medium. 
is difficult. 
Recyclability of catalysts Catalysts are more stable Catalysts' recycling is 
IS not easy as the and can be recycled very efficient. 
catalysts are not always easily with little or no loss 
stable and activity is lost of activity. 
through decomposition or 
leaching. 
In situ mechanistic 
investigation feasible by 
almost all modern 
techniques, i.e time-
resolved NMR, FT-IR, 
UV-VIS spectroscopy, 
etc. 
In situ studies are not Kinetic and mechanistic 
feasible under catalytic investigations are quite 
reaction conditions, thus difficult to perform; few 
reaction mechanisms are mechanisms have been 
poorly understood. 
5 
proposed and are yet to 
be proven. 
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pertaining to the structural and functional features of the diverse family of diiron 
monooxygenases, which are the focus of this study, will be discussed in Chapter 
2. 
Biological catalysts work in an aqueous cellular environment near room 
temperature, targeting specific reactants amongst many others. For example, the 
selective oxidation of methane to methanol is efficiently accomplished by 
methane monooxygenases at ambient temperatures and pressures. 1,2,6 A metal 
center, Fe or Cu, has been anticipated to playa vital role in these reactions by 
activating and binding dioxygen as well as facilitating the processes of electron 
transfer, which are believed to be essential steps in these reactions. 
Today the field of biocatalysis is growing at an alarming rate. In principle, the 
direct use of biological organisms for industrial chemical transformation is 
possible, but in practice, these approaches are only applicable to small-scale 
production of specialized chemicals. 1 An alternative approach under 
consideration is thus to study and understand the chemistry involved in 
enzymatic alkane transformations and design model stable and active synthetic 
catalysts that could mimic the function, efficiency and selectivity of their biological 
counterparts. 1 Molecular biologists have been helpful in providing structural 
information for those chemists who are inspired to do biomimetic catalysis. In this 
regard, chemists have been and will continue to contribute to the understanding 
of reaction mechanisms of biological catalysts. 
From the chemistry point of view, the field of biocatalysis is being explored from 
two perspectives: biomimetic and bio-inspired catalysis. The differences between 
the two approaches was highlighted by Banse et a/. 1o Biomimetic chemistry 
implies a great structural similarity between the enzyme active site and the 
chemical catalysts. Bio-inspired catalysis on the other hand, allows freedom of 
invention between structural features of natural and model catalysts. The metals 
employed in these studies are usually the biologically important inorganic 
6 
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elements, Fe, Co, Cu and Mn, or analogues of these, e.g. RU. 11 Mimicking the 
structure of the active site of an enzyme faithfully is a real challenge, but it would 
be a highly valuable effort for the understanding of the structure-function 
relationship of the enzyme. 10 Because the molecular fundamentals of all three 
fields of catalysis are believed to be similar if not identical, exploiting and 
understanding the molecular basis of C-H activation naturally would give 
information that is crucial for both homogeneous and heterogeneous catalysis. 
The ultimate goal is to develop new catalytic processes that could effectively and 
efficiently use the inexpensive hydrocarbon raw materials for the production of 
valued chemicals and energy. 
1.3 ORGANOMETALLIC C-H ACTIVATION 
The activation of alkanes and in particular their conversion to oxygenated 
products such as alcohols, ketones, carboxylic acids, etc, remains one of the 
most challenging fields of chemistry and particular attention has been paid to 
their functionalization using transition metal-catalyzed reactions. 5 Organometallic 
C-H activation refers to the activation of the C-H bonds by organometallic 
pathways resulting in the formation of a metal-carbon bond. 6 Transition metal 
alkyl intermediates formed via C-H bond activation have been detected in many 
important carbonylation reactions such as hydroformylation and Monsanto acetic 
acid processes. The field of organometallic C-H activation has been studied 
since the early 1970s when Shilov first discovered that certain Pt(lI) compounds 
could be employed to catalytically convert methane into methanol and methyl 
chloride, equation 1.1.12 
PtClt 
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Some time after the classic Shilov's oxidation was reported, a reasonable, 
general mechanism and the catalytic cycle was proposed (Fig. 1.1 ).13 The 
reaction of the Pt(lI) complex with an alkane forms an alkyl-platinum(ll) 
intermediate, which is then oxidized to an alkyl-platinum(IV) species via electron 
transfer. Reductive elimination involving the Pt(IV) alkyl group and coordinated 
water or chloride, or nucleophilic attack by H20 or cr was proposed to generate 
the functionalized product, ROH or RCI and reduce the Pt(IV) center back to 
Pt(lI) in the final step. More recently, Labinger and Bercaw have followed up on 
Shilov's chemistry on Pt(II)/Pt(IV) system and found 60% selectivity for methanol 
at 5% conversion. 13 
alkane activation 
+ RH .... • 
Rei 
functionalization 
and reduction 
+ 
Figure 1.1: Proposed mechanism for Shilov's platinum catalyzed alkane oxidation. 
Since Shilov's discovery, a large variety of metal complexes have been found to 
initiate C-H activation. Recent reviews 1,2,6,7 have highlighted the potential of 
activating saturated hydrocarbons by making use of organo-transition metal 
complexes. The Platinum Group Metals (PGMs) are the main elements which 
have been explored and proven to activate C-H bonds of hydrocarbons. Several 
research groups have observed that hydrogen atoms in saturated hydrocarbons 
could be replaced with isotopic deuterium atoms using metal complexes, which 
gives evidence for C-H activation. 
8 
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Chapter 1 Introduction to C-H bond activation 
In addition to reactions that involve the metal-mediated insertion of a functional 
group into the C-H bond, the conversion of alkanes to olefins by metal 
complexes also represents their formal functionalization, in this case through the 
formation of the double bond. 2 Very recently, a well-defined, tandem 
dehydrogenation-olefin-metathesis catalyst system for the metathesis of n-
alkanes was reported by Brookhart and Goldman.14 The novel catalytic method is 
a breakthrough that could produce diesel fuel from coal. The dual catalytic 
system comprises a pincer-ligated iridium-based alkane dehydrogenation/ 
hydrogenation catalyst and an olefin metathesis catalyst which eventually 
converts alkanes to a mixture of low and high molecular weight alkanes. The 
basic tandem catalytic process is outlined in Scheme 1.1. A dehydrogenation 
catalyst, M, reacts with the alkane to give the corresponding terminal alkene and 
MH2. Olefin metathesis of the 1-alkene generates ethylene and an internal 
alkene. The alkenes thus produced serve as hydrogen acceptors and generate 
the two new alkanes via reaction with MH2 .14a This system is promising as it 
shows complete selectivity for linear alkanes and it is a potential practical method 
for the interconversion of alkanes to give higher molecular weight alkane 
products which are ideal for fuel applications. The synthetic fuel produced by this 
catalytic method burns much cleaner than ordinary diesel fuel as it does not 
contain any aromatics. 
2M 2 MH2 2 M R ~ R 2M,H2 ~ ~
\" ~ .. 2 ~ ./ R olefin ~ ~ R ~ ------~ .. ~R .. 
metathesis + H3C-CH3 
+ H2C=CH2 
Scheme 1.1: The tandem dehydrogenation/hydrogenation alkane metathesis process. 
Another interesting development was that of methane oxidation to methanol via 
methyl bisulfate reported by Periana. 15 Using powerful electrophilic species, 
[XH9r, generated by dissolving Hg(ll) salts in strong acid such as H2S04 or triflic 
acid, the C-H activation of methane and subsequent conversion to methanol was 
achieved with -40% yields based on methane, equation 1.2. 
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(Eq.1.2) 
The reaction mechanism is proposed to occur by a net electrophilic substitution 
pathway that involves coordination of methane to the mercuric bisulfate species, 
Hg(OS03H)2 to produce methyl mercuric bisulfate, [CH3HgOS03H], (Fig. 1.2). 
The [CH3HgOS03H] intermediate readily decomposes to methyl bisulfate 
(CH30S03H) and the reduced mercurous species, Hg/+.15 The reduced species 
is rapidly oxidized to Hg(ll) by hot concentrated H2S04 to regenerate the 
Hg(OS03H)2. CH30S03H can then be converted to methanol by hydrolysis. 15 
Key intermediates in this system were also prepared independently and studied 
in more detail. An important finding from this study was the selectivity for 
methane over the methanol derivative (CH30S03H), since the predominant initial 
product, CH30S03H, IS stable and protected from over-oxidation to 
formaldehyde, formic acid and CO2.15 This is an important breakthrough to the 
challenge of selective oxidation of methane to methanol. 
I Functionalization I 
+ 
S02 
Figure 1.2: Proposed electrophilic C-H activation mechanism for methane oxidation by Periana's 
Hg(II)/H2S04 system. 
10 
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A variety of complexes that cleave the C-H bonds mediated via bond formation 
between the metal and the alkane carbon, have been classified according to the 
recognized mechanistic models. For the scope of this study, we have chosen to 
focus on only two classes of such activation reactions. 
1.3.1 C-H activation by oxidative addition 
Bergman and Graham reported the first examples of intermolecular oxidative 
addition of alkane C-H bonds to give stable alkyl iridium and rhodium hydrides. 16 
The reactions are assumed to proceed via the oxidative addition of an 
unactivated C-H bond to the metal center resulting in formation of alkyl hydride 
metal complexes. 16d Typical examples are illustrated in equations 1.3 and 1.4. 
The proposed reactive species in this reactions are the unobserved 
coordinatively unsaturated intermediates generated in situ from the 
Cp*(PMe3)lrIIlH2 or Cp*lrl(CO)2 precursors by thermal or photochemical means. 17b 
The photon/thermal energy drives the expulsion of H2 and CO from 
Cp*(PMe3)lr"IH2 and Cp*lrl(CO)2, respectively, forming the coordinatively 
unsaturated Ir(l) species that react with the alkanes. 
~r-co / 
oc 
-co 
R-H [Cp*lrCO] ~ 
The C-H activation mechanism begins with the formation of an intermediate 
alkane complex (Fig. 1.3), and then the coordinated C-H bond is cleaved to yield 
the metal alkyl hydride. 1 This intermediate is called a 'sigma complex', because it 
11 
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is formed through the metal interaction with the a-bonding pair of electrons that 
make up the C-H bond. 7b Once bound to the metal centre, the alkane reactivity is 
greatly enhanced and can react further in one of the several possible pathways: 17 
(i) reductive elimination will regenerate an alkane, such pathways will be of no 
use; (ii) ~-hydride elimination of the alkyl group to give an olefin or (iii) insertion of 
small molecules such as CO, 0, etc, into the metal-carbon bond which could give 
rise to new functionalities. 
R R 
• / M- --- l1li M 
"" H H 
Figure 1.3: The most probable structure for the sigma-complexes. 
1.3.2 C-H activation by metalloradicals 
Wayland and co-workers discovered C-H activation by thermal and 
photochemical reactions of alkanes with rhodium(lI) porphyrin complexes, which 
exist in a monomer-dimer equilibrium. 18 These radical-like paramagnetic systems 
selectively activate the methane C-H bonds even in the presence of aromatic 
C-H bonds of benzene;7b a preference typically suggesting radical mechanism. 
The complexes react with toluene exclusively at the methyl group without any 
evidence for aromatic C-H activation. 18c 
r 
\ , 1 2(por)Rh(ll) ----.. (por)Rh---H- --C
1
- -Rh(por) ----.. (por)Rh-H + R-Rh(por) 
+ R-H 
por = porphyrin 
Figure 1.4: The proposed transition state for metalloradical C-H activation by rhodium(ll) 
porphyrin complexes. 
The reactions presumably go through the formation of a coordinatively 
unsaturated four-centered transition state, a species generated in situ by 
thermal/photochemical decomposition of the Rh(ll) porphyrin complexes. The 
12 
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activation of the C-H bond seems to involve coordination of two fragments, the 
alkyl fragment and the hydride, to two separate rhodium porphyrin species (Fig. 
1.4).18 These reactions were characterized by direct observation of alkyl hydride 
products, which were detected by 1 H NMR. 
1.4 METAL-CATALYZED FUNCTIONALIZATION OF ALKANES 
Bergman defines C-H activation as "the treatment of a C-H bond in some way 
that involves removing the hydrogen atom and allowing a reagent to react rapidly 
with the activated carbon atom.,,19 In general terms, alkane 'activation' refers to 
binding of an alkane C-H bond to a metal, normally with cleavage of the C-H 
bond by oxidative addition.11 Alkane 'functionalization', in contrast, involves 
replacement of the C-H hydrogen atom by an organic functional group X.11 The 
functionalization step yields a stable product in which the C-H bond is replaced 
by a new bond, C-X, where X is often a nitrogen, oxygen or carbon atom from 
another molecule. 19 The activation must occur first, followed by the 
functionalization step, and the two steps may be catalyzed by a transition metal 
complex, in which case the reactions may go through the intermediates 
discussed in section 1.3. 11 
The functionalization step has proved more difficult than the activation step, since 
alkyl hydride complexes tend to undergo reductive elimination, yielding another 
alkane molecule on attempted functionalization. 11 Although the complexes of the 
type Cp*(PMe3)lr(R)(H) are some of the most thermally stable alkyl hydride 
complexes that have been studied, functionalization of these alkyl complexes has 
not been achieved yet. For example, migration of the alkyl fragment to 
coordinated CO has never been observed in the Cp*(CO)lr(R)(H) system. 20 The 
desire to functionalize metal alkyl hydride complexes has prompted investigation 
into the possibility of replacing the hydride with a better anionic leaving group X, 
to produce Cp*(PMe3)lr(R)(X) (Scheme 1.2). It was anticipated that the use of a 
weakly coordinating X group would allow generation of an unsaturated iridium 
13 
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center which would more readily incorporate additional ligands and hopefully 
migration of an alkyl species could be achieved to yield functionalized products. 
To our knowledge, this transformation has not yet been observed. 
Scheme 1.2 Stoichiometric C-H activation reactions and attempted functionalization involving 
iridium alkyl hydride complexes 
As the cost of oil continues to escalate, scientists are putting their efforts into 
developing new catalytic technologies that could use coal or natural gas-based 
feedstocks to make a range of hydrocarbon fuels. Immediately after the first 
stoichiometric formation of the metal alkyl species via C-H oxidative addition was 
reported, attempts were made to incorporate such reactions into catalytic 
carbonylation cycles. Despite all the efforts, catalytic systems suitable for 
practical applications that would enable the exploitation of alkane transformation 
chemistry have not yet been developed. 1 To date, alkane dehydrogenation over 
heterogeneous metal surfaces to form alkene, diene or arene functionalities is 
the only process that has made it into industrial alkane functionalization in 
14 
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addition to methane-to-methanol synthesis via the Syngas process. Even though 
several studies have led to the realization that C-H bond activation by transition 
metal complexes is quite viable and easier than anticipated before,7,15,16,21 
standing in the way towards potential practical applications are further difficult 
challenges discussed below. 
1) Adaptation to catalytic reactions 
Transformations carried out in earlier C-H activation studies required 
stoichiometric amounts of hydrocarbons and metal complexes. In order for these 
transformations to be compatible with economic constraints, this chemistry has to 
be adapted to catalytic alkane conversions in which the metal complexes will 
serve as catalysts, rather than reactants that would be consumed during the 
reactions. 
2) Stability of the catalyst under reaction conditions 
With a wide variety of metal complexes that have shown activity for C-H 
activation reactions, the focus is now on designing stable catalysts, that could 
withstand catalytic reaction conditions. This is a major drawback as most 
organometallic C-H activating complexes exhibit poor thermal stability and are 
highly sensitive to O2 and other oxidants, and so would be instantly destroyed 
under catalytic oxidizing conditions 7a 
3) Activity and selectivity 
In addition to the catalyst stability, an effective catalyst must simultaneously meet 
the minimum performance requirements related to rate, conversion and 
selectivity.7d The key challenge in alkane functionalization is the poor control over 
the selectivity for the desired products. At higher temperatures where some of 
these transformations are achieved, the chemistry is dominated by radical 
15 
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pathways and usually there is no selectivity control. This is mainly because there 
is very little if any difference in reactivity between the various C-H bonds in 
alkanes, making it almost impossible to target a specific C-H bond. As a 
consequence, the reactions are not selective towards the most desired products 
because the terminal C-H bonds are the least reactive, yet the desired products 
i.e. oxygenates and unsaturated hydrocarbons usually contain the functional 
groups at the terminal positions. Moreover, further oxidation of the partially 
oxidized alkanes leading to thermodynamically favoured but undesirable products 
cannot be prevented. This usually is a result of the productls being more reactive 
towards the metal center than the starting materials (alkane), which further yield 
a complicated mixture of products. 
4) Thermodynamic constraints 
Another general problem associated with these reactions is the high activation 
energy for these reactions. No matter how good the catalyst is, C-H activation 
reactions do not usually occur under mild conditions and may require forcing 
conditions such as heating or UV-photolysis. Furthermore, functionalization such 
as dehydrogenation and carbonylation are thermodynamically uphill such that 
during the final step of the catalytic reaction, reductive elimination to produce 
another alkane is favored. 1 The partial oxidation of alkanes to alcohols, 
aldehydes, acids, etc, is thermodynamically favored and such transformations 
should be quite feasible, 1,20 provided the C-H activation step could be achieved. 
To date, the only commercially available chemical process for alkane 
functionalization IS by the production of highly reactive alkenes through 
processes such as dehydrogenation or cracking. 22 As discussed earlier, the 
major obstacle with conventional chemical routes for alkane oxidation using 
heterogeneous catalysts lies in poorly understood mechanisms driving catalyst 
selectivity. Homogeneous catalysis on the other hand has problems associated 
16 
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with product separations and therefore, there is much interest in exploring the 
potential practical application of biological catalysts in alkane oxidation. 
In summary, a great deal of knowledge has been gained on the fundamental 
process in C-H activation through different approaches. The activation of strong 
alkane C-H bonds has been realized and the possible mechanistic pathways to 
explore how these reactions take place has been identified and investigated. The 
challenge that remains ahead is to increase this knowledge further and to try and 
understand the factors that control the activity and selectivity of alkane activation. 
A truly robust, high yield, high selectivity, high turnover numbers catalyst for 
alkane functionalization that can be employed on a large scale still remains to be 
discovered. 
1.5 AIMS AND OBJECTIVES 
The overall aim of this study is to model the structure and function of diiron 
monooxygenases. 
The objectives of the study are: 
1) To review the literature of diiron monooxygenases and identify key structural 
features for the active sites. 
2) To synthesize a series of model complexes, particularly diruthenium 
complexes. 
3) To study the catalytic oxidation of hydrocarbons using our model complexes 
as catalysts. 
4) To investigate C-H activation reactions with some of the complexes. 
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DURON MONOOXYGENASES, A LITERA TURE REVIEW 
2.1 INTRODUCTION 
This study will mainly concentrate on the family of non-heme diiron 
monooxygenases that use molecular oxygen in the hydroxylation of 
hydrocarbons. The transformations performed by these enzymes have not only 
inspired chemists to mimic this powerful chemistry, but also to use these 
enzymes and their bacterial hosts in industrial biosynthetic applications. 1 
Members of this family have therefore been the subject of extensive research in 
recent years, because of interest in the nature of their active sites and the 
mechanism by which catalysis is regulated. 2 
Diiron monooxygenases are a family of carboxylate-bridged non-heme diiron 
multi- component enzymes that are capable of activating dioxygen and oxidizing 
a broad range of hydrocarbons including saturated C1-C 18 alkanes, alkenes and 
aromatic compounds,2 to their corresponding alcohols. Bacteria that produce the 
multicomponent monooxygenases use hydrocarbons as their sole sources for 
carbon and energy.2 Hydrocarbons are natural products, produced by many living 
organisms such as bacteria, algae, plants and some animals. 3 As a result, 
hydrocarbons are widespread In nature,3 which explains why many 
microorganisms have evolved enzymes to degrade these energy-rich substrates 
and use them as a source of carbon and energy. 
n-Alkanes (paraffins) and cycloalkanes make up the largest fraction of petroleum 
hydrocarbons and constitute about 20 to 50% of crude oil.3 The hydroxylation of 
n-alkanes and cycloalkanes is therefore of particular interest in the petrochemical 
industry, since the cleavage of the strong C-H bonds and the oxidation of the 
most abundant and cheapest hydrocarbons such as methane is extremely 
difficult. Currently, there are no direct synthetic methods for the selective 
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incorporation of an oxygen atom into unactivated C-H bonds to produce higher 
value chemicals such as alcohols, aldehydes, carboxylic acids and other 
derivatives.4 Some of the alkane hydroxylating enzymes that can achieve this 
transformation have been characterized through extensive biochemical, 
spectroscopic and crystallographic studies and will be discussed in this chapter. 
2.2 STRUCTURAL FEATURES OF THE DIIRON MONOOXYGENASES 
Based on the present knowledge of the available structural, biochemical and 
genetic data, diiron monooxygenases can be divided into five main classes:2 the 
soluble methane monooxygenases (sMMO), the phenol monooxygenases (PHs), 
toluene 4-monooxygenases (T4MO), aromatic/alkene monooxygenases (AMOs) 
and the soluble fatty acid desaturases. In addition to these five classes, three 
distinct classes of non-heme integral membrane-spanning diiron enzymes3 have 
also been reported, namely, alkane monooxygenases, xylene monooxygenases 
and microsomal fatty acid desaturases. 
Of particular interest for this study are methane monooxygenases and alkane 
monooxygenases, as these diiron enzymes are the only ones that catalyze the 
hydroxylation of n-alkanes. The five classes of soluble diiron monooxygenases 
are believed to have evolved from a common ancestor.2 All of them consist of at 
least three components: the soluble diiron hydroxylase protein, a 
coupling/regulatory protein, a reductase component and in some cases a 
ferrodoxin protein. Sequence identity comparison and spectroscopic studies 
suggest that the diiron clusters of the hydroxylase components of the above-
mentioned five main classes of enzymes are structurally similar if not identical.2,5 
2.2.1 Soluble Methane Monooxygenases (sMMO) 
The soluble methane monooxygenase is a multicomponent enzyme found in 
some methanotrophic bacteria that catalyzes the hydroxylation of methane. 
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Methane monooxygenases are unique in their capacity to oxidize the inert C-H 
bond of methane to methanol, one of the most difficult reactions to perform in 
nature.1,2 sMMOs also catalyze the oxidation of other medium chain length 
alkanes, (up to octane) and exhibit a remarkable range of substrate specificities.2 
sMMO is the most well-characterized member of the diiron monooxygenase 
family.2b The sMMO systems comprise three proteins: a hydroxylase (MMOH), a 
reductase (MMOR) and a regulatory protein (MMOB). MMOR contains an iron-
sulphur flavoprotein, [2Fe-2S] and an FAD co-factor, which both facilitate electron 
transfer from reduced nicotinamide adenine dinucleotide (NADH) to MMOH.2 
MMOB contains neither co-factor nor metals and regulate MMO reactivity 
indirectly by forming a complex with the hydroxylase.2 The hydroxylase is the site 
of activation of both dioxygen and the substrates.2 The crystal structure of MMOH 
reveals an active site with two iron atoms in close proximity to four glutamates 
and two histidines as shown in Figure 2.1.6 The two iron centers are bridged by a 
hydroxide ion, a bidentate glutamate carboxylate, and a third bridging ligand 
which can be an OH or H20. The diiron site of MMOH can exist in three stable 
oxidation states, namely the oxidized state, Fe"IFe"1 (MMOHox), the mixed-valent 
state, FelIFe" (MMOH mv) and the reduced state, Fe" Fe" (MMOH red).5 In essence 
the X-ray structures were obtained on three different monooxygenases where the 
oxidized form of the hydroxylase contains a bridging acetate ligand, a bridging 
water molecule or a bridging hydroxyl group. The structures were obtained at 4 
°C, -160°C and -18°C, respectively.6c 
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Figure 2.1: The structure of the active site for the hydroxylase component of soluble methane 
monooxygenase Two hydroxides and a bidentate carboxylate can be seen clearly as bridging 
ligands. The terminal ligands; two histidines, three monodentate glutamate and an additional 
water ligand are all shown around the coordination sphere of the two iron atoms. 
Another form of methane monooxygenase, the particulate methane 
monooxygenase (pMMO) has also been reported. 5 ,6b Unlike the sMMO, this is a 
membrane-spanning, multi-copper metalloenzyme which is thought to be 
expressed by most methanotrophs, except under copper-limited conditions.6 As 
is the case with other membrane-bound enzymes, studies on the pMMO enzyme 
have been relatively limited due to its instability and difficulty with its purification, 
although significant advances have been made recently.6b 
2.2.2 Phenol Monooxygenases (PHs) 
Phenol monooxygenases are found in a diverse group of bacteria and represent 
a group of multicomponent aromatic monooxygenases made up of three 
components: a hydroxylase, a reductase and a regulative mOiety.? The 
hydroxylase component binds molecular oxygen and catalyses the mono-
hydroxylation of phenolic substrates to their corresponding catechols. 2b This 
enzyme has also been shown to have broad substrate specificity. 
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2.2.3 Toluene 4-Monooxygenases (T4MOs) 
These enzymes catalyze the regiospecific hydroxylation of toluene to produce p-
cresol,2,8 and their catalytic abilities are limited to aromatics, alkenes and some 
haloalkenes but not phenolic compounds.2 The T4MOs (also called the four-
component alkene/aromatic monooxygenases), are similar to MMO, but comprise 
a four-component enzyme complex consisting of a diiron hydroxylase (T4moH), 
an NADH oxidoreductase (T4moF), a catalytic effector protein (T4moD) and an 
additional Rieske-type ferredoxin (T4moC) component.2 T4moC is a small iron-
sulphur protein that acts as an obligate electron carrier that facilitates electron 
transfer between T4moF and T4moH. 8,9 Despite differences in reactivity, the 
active sites for T4MO and sMMO hydroxylases are structurally similar. 
2.2.4 Aromatic and Alkene Monooxygenases (AMOs) 
Aromatic and alkene monooxygenases are members of the superfamily of 
ferritin-like iron-storage proteins that catalyze aromatic mono-hydroxylation of 
benzene, toluene, and phenol in addition to the epoxidation of a range of 
alkenes. 9 AMO systems have a more restricted substrate profile than other 
monooxygenases and are incapable of catalyzing the hydroxylation of saturated 
hydrocarbons. The alkene monooxygenase from Xanthobacter strain Py2 is 
closely related to the T4MO,9 consisting of a two-part electron transfer 
component (a reductase and a Rieske-type ferredoxin), a hydroxylase and a 
small effector protein. Alkene monooxygenases from other bacterial sources 
contain three protein components and closely resemble the sMMO.2b 
2.2.5 The soluble fatty acid desaturases 
Unlike monooxygenases, fatty acid desaturases are lipid-metabolic enzymes that 
carry out the selective 02-dependent dehydrogenation of long chain fatty acyl 
substrates rather than hydroxylation chemistry.1o The enzymes are specific for a 
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particular substrate chain length and catalyze the introduction of double bonds 
between specific carbon atoms in saturated fatty acid chains in a chemo-, regio-
and stereoselective manner. 10a-b For example, /19 stearoyl-CoA desaturase 
catalyses the insertion of a double bond between carbon atoms 9 and 10 in the 
saturated fatty acids palmitoyl-CoA and stearoyl-CoA to generate the mono-
unsaturated fatty acids palmitoleic and oleic acids, respectively.10e Structural 
information on desaturases is limited, as most fatty acid desaturases reside 
within membranes. 1oa The crystal structure for the soluble form of /19 desaturase 
reveals that the enzyme contains a diiron cluster and resemble the soluble 
methane monooxygenases. 
2.2.6 Alkane monooxygenases (AH), xylene monooxygenases (XyIM) and 
microsomal fatty acid desaturases 
Alkane monooxygenases have been classified into a distinct class of non-heme 
integral membrane-spanning diiron enzymes together with xylene 
monooxygenases and microsomal stearoyl-CoA fatty acid desaturases. 11 ,12 
Alkane monooxygenases catalyze the terminal hydroxylation of n_alkanes,11a,13 
making these particular enzymes very important for industrial biocatalytic 
applications. The alkane monooxygenases complex consists of three protein 
components: an integral membrane oxygenase referred to as alkane hydroxylase 
(AlkB) and two soluble cytoplasmic proteins, namely, rubredoxin (AlkG) and 
rubredoxin reductase (AlkT).3,11,12 Rubredoxin reductase transfers electrons from 
NADH via its cofactor FAD to rubredoxin, which in turn transfers the electrons to 
the membrane-bound alkane hydroxylase.3,13 AlkB use the electrons to reduce 
one atom of molecular oxygen to water, while the other oxygen atom is 
incorporated into the terminal methyl group of the substrate 3 .13 
The pathway for the degradation of n-alkanes through the oxidation of the methyl 
group to an alcohol has been extensively studied in Pseudomonas putida 
(oleovorans) GP01.5.14.15 While P. putida GP01 AlkB catalyzes the terminal 
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hydroxylation of C5-C 12 alkanes 3 as well as the epoxidation of alkenes,14 most 
other alkane-degrading bacteria activate medium to long-chain linear alkanes 
(C 12-C20 or even C30).3 Despite substantial research efforts directed towards the 
importance of alkane monooxygenases in industry, up to now, the principles of 
their substrate specificity are not well understood. 
The current understanding of membrane-bound monooxygenases is based on 
mutant studies, biochemical topology analysis, and amino acids sequence 
comparison of these related enzymes which all have different substrate 
specificity.1oa The structure of the catalytic center of the AlkB is not well 
defined,3,11 however, spectroscopic and genetic evidence points to the presence 
of a diiron cluster in a histidine-rich coordination environment. 15 It is proposed 
that there are as many as eight or nine histidine residues in the conserved short 
sequence motifs, which have been experimentally proven to be essential for the 
catalytic activity of the alkane hydroxylases. 12,15 A similar multi-histidine diiron 
coordination site has been proposed for fatty acid desaturase, again based on 
topology analyses. 10a On the basis of these highly conserved histidine residues, it 
has been proposed that these histidine clusters coordinate to the two iron atoms 
in the active site as shown in Figure 2.2.11.12,15 It is anticipated that the diiron 
centers of integral membrane histidine motif-containing enzymes also contain a 
bridging carboxylate residue, a characteristic property inherent to all the other 
diiron monooxygenases known to date. 11 Except for the bridging carboxylate, 
there is no evidence of other carboxylate ligands in the vicinity of the active site. 
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2.3 COMPARISONS OF THE HYDROXYLASE COMPONENT OF DIIRON 
MONOOXYGENASES 
2.3.1 Web browsers and molecular modeling programs used 
A number of servers and molecular modeling programs were used during the 
literature survey for structural comparisons of the hydroxylase units of the 
different diiron monooxygenases. Most structures that will be discussed in this 
section were obtained from The National Center for Biotechnology Information, 
NCBI website, which is a national database resource for molecular biology 
information. 16 Within the NCBI website, we used Cn3D, a web browser 
application that allowed us to view 3-dimensional macromolecular structures of 
protein sequences stored in the PDB (Protein Data Bank). We have also used 
FASTA, a sequence retrieval format which allowed us to download amino acid 
sequences of the diiron monooxygenases from the PDB. These sequences were 
submitted for protein-protein BLAST to search for all the sequences of available 
structures that are similar to the query sequence and to compare them to the 
query sequence. The enzyme molecular structures obtained from NCBI database 
were transferred to the YASARA molecular graphics, modeling and simulation 
program. 17 This program allowed us to visualize macromolecules downloaded 
from the PDB website and to zoom in to even larger magnification and examine 
the active center closely as shown in Figure 2.3. YASARA also allowed us to 
model our own small molecules and run the simulation to minimize the energy 
and to optimize the geometry of the molecules. Some of the molecular structures 
that we retrieved from PDB will be discussed in this section. 
Of the five classes of the soluble diiron monooxygenases discussed earlier, the 
soluble methane monooxygenases are structurally and biochemically the best 
characterized members of the monooxygenase family.2b Sequences and 
structural information of some other well studied members of the group are also 
available in the protein data bank. Although all three/four enzyme components 
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are requi red lor Galalysis, the hydro~ylase IS the structure that is pal1icularly 
Important to us, as II IS the site where dloJlygen activation and substrate 
hydro~ylation occur. In th iS sl udy, we compared the hydro~ylase components of 
the soluble methane monooxygenase. the 4-componenl enzyme, t~uenelo­
xy lene mooooJlygenase and soluble fatty acid desaturase. 
Fl9ur' 2.3: The .tr"clure of methane monOO1<)'gena"~ h,.cro~,. lase from MOlnylococcOls 
G/IP&u lillus BATH {tMTYJ m .. riev9d from POB A show. th~ "t".<:lute a. ~i ewed ll>ith Cn3D and B 
shows the same structure ~',ewed with VA SARA, C is a w;w toward. th e " "0" ac tlv8 c8nterand 
D shows the ac tive center itse lf indlesting only the li ga"cs thal are bound to the metal oo"te" 
The Qtoms ave cOOurAd by lypA, ",here ,,,,rp le ta 1100, '.l re"" i. ",, ~h" r. red is o . yg .... dar\< blue ''s 
",uoge". light blue is caJbon ~nd wh,to! '$ hydroQ"'''' 
As described earlier, the getlerol fealures of Ihe hydroxylase component of Ihese 
related mCHlooxygenases are carbo~ylate-bridged diirOll clusters. This was again 
cooflrmed in this study as seen in the slrudures viewed with Y ASARA (Fig. 2 4). 
In addi\lon to the bridging carboxylate, there are two other bridging ligands. OH 
or H20, One ollhe hydroxidelwater bridging ligands can be rep l;Jced by Ihe -OH 
311 
Un
ive
rsi
ty 
of 
Ca
pe
 To
wn
Chapler 2 Oijton monooxygenases. a literature review 
group of the producUs that binds to the diiron celltre as bridging or semi-bridgillg 
as illustrated in the study by Sazinsky alld Lippard.18 The other ligallds in the iron 
coordillation sphere are two imidazoles alld three termillal carboxylate ligands 
derived from the histid ine and glutamate amino acid residues, respectively_ All 
additiollal termillal water/hydroxide ligand completes the coordination around the 
iroll atoms. In the case of 119 fatty acid desaturase. two carboxylate units of the 
glutamate residues are ill the bridging position and the remain ing two gtutamates 
are termillal ly coordillated, one on each iron atom as shown ill Figure 2.4, 
structure C, 
Figure 1.4: The wUGture 01 th~ active diiron centre of IA) methane mOlloorygenase hydroxylase 
Irom MethyllXlXws capsula/us BATH (1MTY), IBI toluene/a-xylene monooxygen"",,' 
hydroxylase Irom Pseudomonas sl(ltzeri OX1 i1TOOI and (C) n' st~arayl-acy l car"er pra\ein 
desaturase from castor seed (lAFRI. Shown arc the coordinating amn o acid res'KJues, namely -
four glu\ama\~s and two hi'tidine, plus additional bridging and terminal v,ater,'hydro xi de Itgand5 
The re i, al'o " bridging m~ rGap\oacet i c acid and an ac~ta te ligand ill toluene/a-xylene 
monooxygenasc and fatty ac id des"tuwse, respc~ti vely , The- atoms "rc- coloured by type. wh",e 
purple is iron, green is 5u lphur, red is oxygen. dark blue is nitrogen. l>:Jht blue is Garbon and wh ite 
is hydrogen 
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The actual coordinating ligands observed in £::,.9 desaturase, sMMOH and ToMOH 
crystal structures are the same even though they are derived from different 
amino acids sequences (see Table 2.1). A comparison of the crystal structures 
shows that there are no significant differences in the structure of the iron centers 
in the three proteins. The only difference is that, in £::,.9 desaturase, the terminal 
glutamates, E105 and E196 act as bidentate ligands on each iron atom, whereas 
in sMMOH and ToMOH, the corresponding amino acids are monodentate ligands 
to the iron centers. In general, the metal centre in £::,.9 desaturase is considerably 
more symmetrical than in the other two proteins (Fig. 2.4), but otherwise the 
overall coordination geometries around the dinuclear iron centre in all three 
proteins are more or less similar. 
2.3.2 Amino acids sequence comparisons of the methane 
monooxygenase, toluene/o-xylene monooxygenase and fatty acid 
desaturase. 
Lippard and co-workers have identified the conserved amino acid residues that 
are bound to the iron centers in soluble methane monooxygenase. 19 These sites 
are occupied by amino acid residues Glu114, His147, Glu144, His246, Glu209 
and Glu243. From this study, four additional conserved amino acids around the 
metal centers were identified, namely: Asp143, Arg146, Asp242 and Arg245. 
Table 2.1 shows the amino acid residues identified in the diiron coordination 
sphere of the soluble methane monooxygenase, toluene/o-xylene 
monooxygenase and the soluble form of fatty acid desaturase. There are only 
very few amino acid residues which are conserved in all three enzymes, but there 
can be little doubt that these enzymes are evolutionary related. Amongst those 
are the ligands bound to the metal centers, with the exception of an aspartic acid 
residue which is substituted by a glutamic acid (Glu142) in £::,.9 desaturase. 
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Table 2.1 
Conserved residues in the active centres of three diiron monooxygenases, namely: sMMO, TMO 
and fatty acid desaturase. 
Amino Acid residues 
** ** ** * * 
sMMOH Fe1 Glu114 Glu144 His147 Asp143 Arg146 
** ** ** * * 
Fe2 Glu209 Glu243 His246 Asp242 Arg245 
** ** ** * * 
ToMOH Fe1 Glu104 Glu134 His 137 Asp133 Arg136 
** ** ** * * 
Fe2 
! 
Glu197 Glu231 His234 Asp230 Arg233 
Fatty ** ** ** * * 
acid Fe1 Glu105 Glu143 His146 Glu142 Arg145 
desaturase ** ** ** * * 
Fe2 Glu196 Glu229 His232 Asp228 Arg231 
A double star indicates conserved residues that are bound to the metal centres whereas a single 
star indicates other conserved residues in the vicinity of the active site in all three enzymes. In 
fatty acid desaturase, the aspartic acid has been replaced by a glutamic acid (Glu 142) 
In this study, we have also recognised that the amino acid residues coordinating 
to the metal centers in methane monooxygenase are linked together by a binding 
motif consisting of two aspartic acid and two arginine residues. These amino 
acids were also identified in a conserved motif present in the crystal structures of 
both toluene/o-xylene monooxygenase and fatty acid desaturase, whereby in the 
fatty acid desaturase, one of the aspartic acid has been substituted for a glutamic 
acid (see Table 2.1). Each aspartic acid and each arginine is connected to amino 
acids bound to the iron centers (glutamic acids and histidines, respectively) 
through short chain amino acids such as glycine, leucine, alanine, etc. The side 
chain of the aspartic acid residue on each Fe atom is linked to the arginine 
residue on the other Fe atom through H-bonding between the amino group of the 
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arginine and the carboxylate group of lhe aspartic acid as shown in Figure 2,5. 
We believe that this hydrogen bonding interaction is very critical as this motif 
houses the active sites by keeping the iron centers in close proximity and holding 
the coordinating ligands in the right dimensions We have also recognized that 
the remaining two binding glutamic acids are held by (connected to) non-
consel"lled residues and just form a ·Ioop·, 
Figure 2,5 : Th8 conserved residu8s in ToMOH. The dotled li nes r8present Ih8 H·bonding 
00(' ..... e8n arginin8 and as~artic acid Th8 glu lamic acids Ihat ar8 connected to non·conserve~ 
resi~ues are ,,",st "~ang li ng" 8S ",en at the bottom of the struc ture. Amino a ci~s have ooen 
lab811ed an~ th e hy~rog8n atoms are hKj den 10< clarity. The atoms are co "'ure~ by type, '.,here 
purple is iron, green is sulphur, red is oxygen. dark blue is nitrogen 8nd li l)'1t blue is carbon 
Looking at the sequence analysis, sMMOH and ToMOH both have almost 
identical dimetallic cenlers, yet ToMOH cannot activate the inert C-H bond of 
melhane. Lippard and co-workers proposed that solvent molecules, substrates, 
dioxygen as well as products gain access to the active sites from the sides of the 
other lvio glutamic acids thai are not held by conserved residues 19 As can be 
seen from Figure 2.5 , a mercaptoacetic acid which is presumably a reaction 
product. is approaching the active site center from the proposed side. The 
difference in the substrate specificity belw'een sMMO and TMO has been 
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anticipated on the principle of greater solvent access in TMO than in sMMO.1,18 It 
has been hypothesized that methane may be too small to block the cavity in the 
TMO hydroxylase a-subunit, thus allowing solvents to gain entry to the redox 
active metal center resulting in complete loss of activity. 1,18 
2.3.3 Amino acids sequence comparisons of the alkane monooxygenase 
with other membrane-bound diiron monooxygenases 
There is low overall sequence identity between AlkB and other related 
membrane-bound hydroxylases. Through amino acids sequence alignment, for 
example, XylM shows only 25% sequence homology with AlkB. 11a,13 The 
membrane folding of the hydroxylase components of these two monooxygenases 
however appears to follow the same pattern. 12,13 Physical comparisons of the 
amino acid sequences for the membrane alkane hydroxylases and the fatty acid 
desaturases has revealed three regions of conserved primary structural motif 
containing histidine residues. 11 ,12,13 However, neither fatty acid desaturases nor 
XylM shows significant sequence similarity to AlkB and related enzymes when 
compared by standard computer programs such as BLAST. 11 Just like the 
soluble and particulate methane monooxygenases, the two forms of fatty acid 
desaturase (the soluble and the membrane-bound) do not resemble each other. 
As discussed earlier, the microsomal fatty acid desaturases have conserved 
histidine residues while the soluble ones are similar to the soluble methane 
monooxygenases. 
Numerous studies comparing amino acid sequences of a variety of membrane-
bound hydroxylases as well as studies on biochemical and catalytic similarities 
and differences between the soluble and membrane-bound monooxygenases 
have been carried out. Due to the absence of the characteristic conserved motif 
in the membrane-bound enzymes, which is present in the soluble diiron 
monooxygenases, it has been accepted that the membrane-bound enzymes form 
a distinct class of monooxygenases. 11 ,12 However, owing to problems inherent to 
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working with integral membrane proteins, 11, 12 i.e difficulty during enzyme isolation 
and purification, all efforts to characterize and determine the 3-dimensional 
structure of any of these integral membrane hydroxylases have been 
unsuccessful. 20 Thus the present knowledge on the structure-function 
relationship of the integral membrane monooxygenases is limited to the folding 
topology (Fig. 2.2) and the likely involvement of conserved histidines in the 
vicinity of the two iron centers. 11 ,12 
2.4 CATALYTIC CYCLE AND MECHANISTIC ASPECTS OF THE DIIRON 
MONOOXYGENASES 
The critical step in alkane hydroxylation is the oxidation of the methyl group to an 
alcohol, a transformation performed by the "monooxygenase enzymes" that are 
composed of soluble or membrane-bound hydroxylase components and two or 
three electron transport proteins. All three components interact during the 
catalytic cycle. A simplified catalytic cycle for methane monooxygenase is shown 
in Figure 2.6. 21 -22 
2.4.1 Catalytic cycle for methane monooxygenase 
The catalytic cycle for diiron monooxygenases involves a series of intermolecular 
electron-transfer reactions between the individual protein components that are 
required for dioxygen activation and substrate hydroxylation to occur. This series 
of electron-transfer reactions begins with the transfer of two electrons from NADH 
to the reductase component, MMOR. 21 ,22a,23 These electrons are then transmitted 
sequentially from the reduced MMOR to the diiron(lll) hydroxylase (MMOH) to 
generate the reactive diiron(ll) state. After being reduced to diiron(ll) hydroxylase, 
with the aid of the regulatory protein (MMOB), this species then interacts with 
dioxygen generating a peroxo-bridged Fe(III)-Fe(lIl) complex. 21,22a This 
intermediate is further oxidized to the final transient high-valent Fe(IV) 
hydroxylase (intermediate Q), which is believed to be the reactive species that 
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carries out the insertion of an oxygen atom into the C-H bond of the substrate, 
producing alcohol and water, This species is again reduced by MMOR to return 
to the resting diiron(lll) state and the product is discharged from the active center, 
completing the catalytic cycle. 
H,O : 
co· 
-' 
2.4.2 The proposed mechanismls for methane monooxygenase 
Along with the efforts toward the synthesis of biomimetic iron complexes, various 
types of diiron model complexes have been theoretically investigated by 
computational methods. in order to gain insight into the dioxygen-activation and 
substrate hydroxylation mechanisms of these enzymes.23 An understanding of 
the mechanismls involved in these reactions is a formidable chatlenge which 
might solve some of the problems associated with model complexes 01 the diiron 
monooxygenases This has prompted computational studies using density 
functional theory (OFT) method and quantum mechanics/molecular mechanics 
(QMIMM) techniques. to explore the possible mechanism of C-H activation by 
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model complexes of intermediate Q. 23 So far there have been few proposed 
possible reactions pathways leading to subsequent intermediates involving 
cationic as well as radical species, but this subject still remains a topic of hot 
debate. The proposed mechanisms for the activation of the C-H bond have been 
thoroughly reviewed. 24 
For some years, it has been proposed that the mechanism for MMO involves 
substrate radicals and resembles the oxygen-rebound mechanism widely 
accepted for cytochrome P450 monooxygenases. 22C,23j A two-step concerted 
mechanism was also proposed on the basis of a simple model for MMOHQ 
intermediate that is coordinatively unsaturated (a bis(~-oxo)diiron(IV) core 
supported by a bridging formate with a hydroxide ligand on one iron and two 
hydroxides on the other iron atom).24 This diiron complex first forms a complex 
with methane, which is followed by abstraction of a hydrogen-atom via a four-
center transition state, to give an intermediate with a bridging hydroxide and an 
iron-bound methyl group. The methyl group then migrates to form a C-O bond 
with the bridging hydroxide and afford a methanol complex (Scheme 2.1). 
".0"" Fe\\\ IIIIIF + CH4 ,,~ e 
o 
Intermediate Q 
I Hydrogen shift I . 
".0"" 
----+-. Fe\\\ 1IIIIFe 
"o~ "---CH H"---./ 3 TS1 
Methane complex Hydroxy intermediate 
1 
".0· .. ,/ 
F :-,\\ IIIII e H ~Fe 
....... 0..,. 
I 
, ... 0""1 Fe\\\ 1IIIIFe .... ___ _ 
Methyl shift 
TS2 
CH 3 
Methanol complex 
Scheme 2,1: The proposed two-step concerted mechanism for methane monooxygenase 
Despite some evidence for both radical and cationic intermediates from studies 
using various mechanistic probes, further questions still remain unanswered. 
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What is the true nature of the reactive species which react with methane?5 Are 
the iron atoms coordinatively saturated, or are they five-coordinate, to allow the 
formation of the Fe-C bonds?5 The question of whether the difference in 
substrate specificity and regiospecificity among diiron monooxygenases points to 
fundamentally different reaction mechanisms, or whether this has to do with the 
geometric constraints around the active sites of particular enzymes is still an 
unresolved issue. 11a 
2.5 FACTORS LIMITING THE INDUSTRIAL APPLICATION OF DIIRON 
MONOOXYGENASES 
The number of industrial bioprocesses using enzymes has increased during the 
last decades and there have been considerable advances in commercial 
implementation of more bioprocesses. Around 80% of enzymes used in industry 
are hydrolases, which catalyze the hydrolytic cleavage of ester, amide and other 
C-N bonds 25 Oxygenases are often used in small-scale industrial processes to 
synthesize organic molecules that are not accessible by chemical routes, the 
majority of these are pharmaceutical drugs. 26 It is estimated that the number of 
production processes for bulk and fine chemicals using biocatalysis and 
biotransformation could account for 30% of the chemical industry by 2050. 26 
Despite promising progress In research revealing the potential applications of 
biocatalysis and biotransformation, the implementation of oxygenase-based 
bioprocesses for bulk and fine chemical synthesis to industrial scale, faces 
various drawbacks that are not experienced in biocatalytic processes involving 
easy-to-use enzymes such as hydrolases, isomerases or Iyases. 26,27 Constraints 
and challenges with regard to industrial applications of oxygenases for 
biocatalytic hydrocarbon functionalization have been reviewed recently and some 
of these factors will be discussed. 25-29 
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1) Enzyme availability and stability 
The activity and stability of monooxygenases like with other oxygenases, must be 
improved significantly in order for their application in industrial scale 
bioprocesses to be more feasible. Most oxygenases are quite unstable and 
consist of multiple components, some of which are membrane-bound. 26,27 Both 
sMMO and pMMO are produced in low quantities by microorganisms to fulfil their 
survival needs in Nature and they are not produced for the benefit of mankind. 25 
Experimental manipulations of microorganisms to produce large quantities of 
enzymes are physiologically impractical. Besides their activity and stability, the 
demand for electrons is another critical issue, as some oxygenases require 
expensive co-factors such as NADH or NADPH, ATP, etc. 26,27 These co-factors 
are harder to replace (substitute for) if isolated enzymes are to be used. Even if 
the co-factors were to be supplied, the reactions would require stoichiometric 
amounts of these co-factors, or a secondary catalytic cycle to regenerate the co-
factors has to be incorporated in the main catalytic cycle. 25 
2) Low turnover numbers of oxygenases 
The main constraint for industrial use of oxygenases is low turnover, as 
oxygenases have relatively low catalytic rates (kcat values) compared to other 
enzymes such as hydrolases. Because of their dependence on co-factors, 
oxygenases generally show low kcat values in the range of 0.2-75 S-1, as 
compared to kcat exceeding 100 000 S-1 for hydrolases for example. 25,27 Efforts to 
introduce oxygenases in industrial applications have been focusing on using two 
main approaches: adapting the biocatalysts to the process conditions (biocatalyst 
engineering) or adapting the process conditions to optimally exploit the 
biocatalysts (biochemical process engineering).27 While bioprocesses face 
further challenges such as high oxygen demand especially for whole cell 
biocatalysts, on the other hand, it is also not straightforward to adapt the rather 
fragile enzymes to tolerate harsher industrial conditions. 
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3) Low oxygen-transfer rates in bioreactor systems 
Monooxygenases and oxygenases in general do not only require oxygen as a 
substrate in oxygenation reactions but also for respiration. As a result of low 
oxygen transfer rates in whole cell biocatalysts, the space-time yields are 
normally compromised. 26 This problem has been addressed technically by 
increasing the oxygen pressure during the bioconversion. However, an increase 
in oxygen pressure also poses the danger of explosion. 
4) Overoxidation and uncoupling 
Because of the high reactivity of activated oxygen species in the active site, 
several oxygenases catalyze side reactions such as uncoupling and multiple 
oxidations of hydrocarbon substrates and reaction intermediates. 27 This multiple 
oxidation activity may be due to low specificity of the oxygenases, resulting in 
hydroxylation at multiple sites or in overoxidation of an alcohol product to the 
corresponding aldehyde or carboxylic acid. This is a major problem if one of the 
intermediate is the desired product. Uncoupling occurs when the two- or four-
electron reduction of molecular oxygen results in the formation of toxic hydrogen 
peroxide or water without concomitant substrate hydroxylation taking place. This 
results in increased oxygen demand as well as the production of toxic hydrogen 
peroxide.27 
Increasing the efficiency and selectivity in hydrocarbon transformation has been 
the goal of both academic and industrial research efforts. In the case where 
degradation of the desired product is a major problem, it is often necessary to 
block the conversion of the intermediates by addition of enzyme inhibitors. 
However due to economic reasons, the use of enzyme inhibitors is mainly 
restricted to small scale applications and in characterization of metabolic 
pathways.27 
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5) Product inhibition 
Sometimes the reaction products and/or the substrates diffuse into the cell 
membranes and tend to be relatively toxic. Hydrogen peroxide and other active 
oxygen species are also highly toxic to the oxygenases and the whole cell, which 
result in full or nearly complete loss of activity. Product inhibition and uncoupling 
problems have been addressed through in situ products recovery using two-liquid 
phase systems or solid-phase extractions. 26 By not allowing high product 
concentrations to accumulate in the reactor, concentration of the products in the 
aqueous phase could be kept at non-toxic levels. 
All the above-mentioned issues and challenges limit the development and 
implementation of suitable oxygenase bioprocesses and the transfer of 
oxygenase-based processes from laboratory-scale to industrial-scale. From the 
bioprocess perspective, there are two main approaches being explored to 
overcome these challenges, namely: the discovery of new enzymes and the 
improvement of known enzymes by protein engineering. Since previous studies 
have given a better understanding of the structure of the monooxygenases, a 
preferable alternative of current investigation would be to design catalysts that 
could adapt the principles by which enzymes catalyze alkane conversions. The 
issue of understanding the mechanism of enzymatic hydroxylation of C-H bonds 
in detail is therefore crucial. 
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BINUCLEAR Fe AND Ru COMPLEXES, A REVIEW 
3.1 INTRODUCTION 
The discovery of the (\J-hydrox%xo)bis(\J-carboxylate) diiron core in active sites 
of non-heme diiron proteins such as hemerythrin, the R2 subunit of 
ribonucleotide reductase and methane monooxygenase stimulated interest in the 
synthesis of simple model complexes with an analogous core structure. 1 Due to 
their fascinating unique ability to catalyze a remarkable reaction i.e methane 
oxidation, there has been a significant interest in the synthesis of dinuclear iron 
complexes which not only reproduce structural and geometric features of MMO, 
but also display catalytic activities for the oxidation of alkane, alkene and 
aromatic compounds. 1 Lippard and co-workers have exhaustedly explored the 
synthesis of carboxylate-bridged dinuclear iron complexes as mimics for methane 
monooxygenases, in an attempt to unravel the mechanisms involved in methane 
hydroxylation by methane monooxygenases. Several reviews on synthetic model 
compounds for methane monooxygenase have been published in the last few 
years.1 This review chapter will cover some of the Fe and Ru binuclear 
complexes which have been reported as models for diiron monooxygenases. 
This review is only a brief synopsis and will be restricted to carboxylate-bridged 
complexes containing N-donor terminal ligands. 
A series of stable (\J-hydrox%xo)bis(\J-carboxylate) diiron complexes have been 
reported to assemble readily from mononuclear precursors and appropriate 
ligands.1.2a-d An important aspect in the structural and functional synthetic 
modeling of dinuclear biomolecules is to preserve the dinuclear composition 
during the oxidation reactions. In enzymes, the diiron center is encapsulated in 
the protein structure and the ligand environment is largely preserved throughout 
the catalytic cycle. 1f Careful ligand design is therefore important in order to 
prepare dinuclear compounds that could undergo changes in oxidation states 
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while still preserving their dinuclear composition. 1f When designing synthetic 
catalysts it is also important to understand how modifications in the ligand system 
will affect the steric, electronic and oxidation properties, and consequently the 
reactivity of the overall compound. 2e 
3.2 CARBOXYLATE-BRIDGED DIIRON COMPLEXES 
Following significant efforts in understanding the mechanism of methane 
oxidation by methane monooxygenases, both spectroscopic and theoretical 
investigations suggest that the reduced state of the enzyme, MMOHred , 
presumed to be FeIFe", is the active form that reacts directly with dioxygen, 
activating it for hydrocarbon oxidation.1 This observation is consistent with the 
presence of two five-coordinate square-pyramidal ferrous centers in MMOHred 
with a vacant bridging site capable of O2 and substrate binding. It has been 
proved for sMMO and also suggested for other non-heme diiron 
monooxygenases, that high valent intermediates (Fe1vFelv or FeIVFe"l) formed 
from the interaction of diiron(lI) precursors with dioxygen are responsible for the 
oxidation of substrates. 1h The interaction of diiron(ll) model complexes with 
dioxygen is therefore central to providing insight into the mechanism of the 
oxidation chemistry exhibited by the enzymes. This will further enhance and 
extend our knowledge and understanding of the natural systems.1f At the same 
time, low molecular weight model complexes that can reach a number of 
oxidation states from Fe" to Fe1v, would possibly give a general understanding of 
the reversible oxygen binding chemistry performed by dioxygen activating 
enzymes. 
In efforts to prepare functional models of the carboxylate-bridged diiron active 
site in soluble methane monooxygenase, a large number of synthetic complexes 
with a (lJ-oxo/hydroxo)bis(lJ-carboxylato) diiron core have been synthesized. 1-8 
These range from close structural analogues of the diiron monooxygenase active 
sites, with different types of bridging and terminal ligands, to fairly simple metal 
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salts. 1-8 Some synthetic analogues of MMO 'mimics', modeling the enzyme 
active site structure quite closely, reproduce some features of MMO reactivity, 
including hydroxylation of higher alkanes, but only a small number of these have 
been found to activate methane. 3 Figure 3.1 shows some of the ligands which 
have been employed in the synthesis of model diiron complexes. 
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Figure 3.1: Structures of some of the ligands employed in the synthesis of diiron complexes, 
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3.2.1 Complexes of Simple Carboxylate and N-donor Ligands 
Early biomimetic models to mimic the diiron core employed the simplest 
carboxylate ligands such as formate, acetate, propionate, benzoate, etc., to 
mimic the bridging ligands and a variety of simple monodentate N-donor terminal 
ligands such as imidazole, pyridine, pyrazole and their derivatives. These 
complexes were either doubly or triply bridged, whereby two of the bridging 
ligands are carboxylate groups. A well characterized example is the Et4N salt of 
[Fe2(OAc)5(I-l-H20)(pyhl shown in Figure 3.2. This complex was found to be an 
effective catalyst for the oxidation of adamantane under conditions similar to 
those employed in the 'GiF' system. 2a ,2b The 'GiF' chemistry, was developed by 
Barton and co-workers in the 1980s, and it is based on the catalytic hydroxylation 
of adamantane in the presence of O2, using Fe(ll) catalysts in pyridine/acetic acid 
solvent mixture and zinc powder as a reducing agent.2b,5 
3+ 
R= H, CH3, 
CH30, C6H5 
Figure 3.2: Diiron complexes of simple carboxylate bridging ligands and simple N-donor terminal ligands. 
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Since then, adamantane has been used as a substrate in oxidation reactions of 
saturated hydrocarbons producing a mixture of 2-adamantanone (major product) 
and 1- and 2-adamantanol (minor products). 
Another well studied example of the complexes prepared from simple ligands is 
[Fe2(IJ-O)(IJ-RC02)(N-Melm)s]3+, where R = H, CH3, CH30 and C6H5 (Fig. 3.2). 
These complexes were synthesized from [Fe(N-Melm)6](CI04h and respective 
carboxylate ligands in stoichiometric amounts using N-Melm as the solvent. 2c 
Attempts to add a second carboxylate bridge to these complexes to form the (IJ-
oxo)bis(lJ-carboxylato)diiron(lll) species resulted in the isolation of stable triiron 
carboxylate clusters. 2c Initially, these complexes were prepared as mimics for 
hemerythrin, but coincidently, they tend to have a general structure resembling 
that of the proposed alkane monooxygenases. Complexes where the terminal 
sites are occupied by the bidentate ligand, 2,2'-bypyridine (bipy) have also been 
reported. 2d The bidentate ligands leave vacant coordination sites on the metal 
centers available for binding additional ligands such as labile cr anion as in 
[Fe2(IJ-O)(IJ-02CCH3hCI2(bipY)2] (Fig. 3.2). The [Fe2(IJ-O)(IJ-02CCH3)2CI2-(bipyh] 
complex has shown catalytic activity for alkane oxidations using ButOOH with 
turnover numbers of 2.3, 13 and 72 for ethane, propane and cyclohexane, 
respectively.2d 
3.2.2 Complexes of N-donor Chelating Ligands 
The synthesis of simple model complexes with a discrete (lJ-oxo)mono/bis(lJ-
carboxylato)diiron(lll) core has been hampered by the tendency of Fe3+ salts to 
form clusters. 1e To overcome this problem, a series of (IJ-carboxylato) diiron(ll) 
complexes have been prepared using relatively simple tridentate chelating 
ligands such as 1,4,7 -triazacyclononane (TACN),4a-c tris-1-pyrazolylhydroborate 
[HB(pz)3]4d-e and bis(1-methylimidazol-2-y1) phenyl-methoxymethane (BIPhMe).4f 
By chelating to the iron centers, these ligands impart stability to the dimers. 
Unfortunately, tridentate chelating ligands block all the terminal coordination 
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sites, and the thermodynamic stability of the chelate precludes ligand dissociation 
making it impossible to investigate reactivity of the resulting complexes with 
substrates. 2a 
n 
BIPhMe 
2+ 
Figure 3.3: Diiron complexes prepared using N-donor chelating ligands. 
A few of these diferrous complexes, some with an open coordination site such as 
[Fe2(BIPhMe)2(HC02)4] shown in Fig.3.3,4f exhibit high reactivity toward 02 or 
H20 2, which is an essential chemistry for the functions of diiron proteins. 2b Both 
[Fe2(BIPhMeh(HC02)4]4f and [Fe2(IJ-OH)(Me3TACN)2(1J-02CCH3)2r,4a-c react with 
O2 in chloroform, ultimately yielding oxo-bridged diiron(lll) compounds (Fig. 3.3). 
The reactivity of the resulting oxo complexes with hydrocarbons has not been 
reported. 
3.2.3 Complexes of Polypyridyl- and Polyimidazoyl-based Ligands 
Diiron(ll) compounds containing multidentate dinucleating ligands have been 
prepared using a family of nitrogen-rich 1 ,8-naphthyridine and phthalazine-based 
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ligands, which serve both as N-donor ligands as well as bridging units. 2e,6a-c 
These dinucleating ligands such as BPMAN, BEAN, BBAN, bdptz, etc, have 
been utilised to hold two metal ions in proximity, with relatively high kinetic 
stability, while leaving coordination sites available for binding by axial ligands, 
solvent molecules or substrates. 6c The coordinating properties of naphthyridine 
and phthalazine-based ligands ensures that the dinuclear character is enforced 
not only in the starting compounds but also in their subsequent oxidized 
complexes. This is not always achieved with compounds containing simple 
carboxylate bridges. 2e 
The two Fe atoms in the complex have an asymmetric coordination environment 
with one Fe six-coordinate and the other five-coordinate. A weakly bound ligand 
such as triflate completes the coordination around the second Fe atom (Fig. 3.4). 
This weakly bound ligand easily dissociates, opening up a potential binding site 
for substrate molecules. 2e,6 The naphthyridine and phthalazine bridged 
compounds are generally less reactive toward dioxygen than those complexes 
containing simple carboxylate bridging ligands. 2e,6a 
Another type of diiron(lI) complexes containing polypyridyl- and polyimidazoyl-
based ligands employs those ligands with a single phenolate or alkoxide bridging 
group such as H-bimp, Ph-tidp, N-Et-hptb, etc.6d -J These sterically hindered 
ligands were designed in an attempt to control the thermal stability of IJ-peroxo 
complexes which are formed upon oxidation of the complexes by dioxygen.6j 
Mixed valence Fe" Felli complexes prepared using the polyimidazole ligand, H-
bimp, were found to be good structural and electronic models of the mixed-
valence site in iron-oxo proteins. 6i Compared to similar binucleating ligands such 
as N-Et-hptb and Ph-tidp, which have also been used to prepare alkoxo-bridged 
Fe"Fell model complexes, the imidazole arms on the H-bimp ligand (see Fig. 
3.1), are better mimics of the ligands present in proteins.6i The [Fe2(OBz)(N-Et-
hptb)f+ complex shown in Figure 3.4, has a diiron(ll) core with bridging alkoxide 
and benzoate, in which each iron atom is approximately trigonal bipyramidal as 
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confirmed by X-ray crystallography.6d This compound reacts with dioxygen 
irreversibly at -60°C in CH2CI2 to generate a deep blue solution confirmed by 
various spectroscopic techniques including resonance Raman spectroscopy, to 
be a ~-peroxo species.6d 
= 
2+ 
Figure 3.4: Examples of diiron complexes prepared using polyamine and polypyridine ligands 
3.2.4 Complexes of Dinucleating Dicarboxylate Ligands of the type H2XDK 
Structurally constrained doubly bridging carboxylate ligands of the H2XDK family 
have been used for the synthesis of a series of diiron(lI) complexes containing 
the [Fe2(~-XDK)f+ core, which are stabilized by two additional carboxylate 
ligands and two terminal N-donors ligands (Fig. 3.5).7 These complexes 
represent good examples of carboxylate-rich diiron(ll) compounds, which have 
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the same ligand composition as the active site of reduced sMMOH, with a total of 
four carboxylates and two nitrogen donor ligands. 7b X-ray structures of these 
compounds reveal an asymmetrical arrangement with one iron center six-
coordinate and the other four or five-coordinate. In solution, these complexes 
have also been shown to react with dioxygen at low temperature forming 
metastable (IJ-peroxo) diiron(lll) adducts. 7a ,7d Reactivity with hydrocarbon 
substrates has not been reported for these complexes. 
Figure 3.5: Diiron complexes prepared using dinucleating dicarboxylate ligands of the type 
H2XDK 
3.2.5 Complexes of m-Terphenyl Carboxylate Ligands 
Lippard and co-workers have prepared coordinatively unsaturated dinuciear 
iron(ll) complexes using bulky ligands of the m-terphenyl carboxylate family e.g 
2,6-di(p-tolyl)benzoate (ArT01C02}8 Depending on the steric requirements of 
carboxylate ligands and additional N-donor ligands, complexes derived from 
these ligands can adopt three different forms,1f namely: dicarboxylate-bridged 
(windmill) as in 2, 3, 4 or 5, tricarboxylate-bridged (paddlewheel) as in 6 or 
tetracarboxylate-bridged as in 7 (Fig. 3.6). In solution, the carboxylate ligands 
rapidly shift so that these complexes exist in equilibrium between the three 
different forms.1f 
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The diiron(lI) state of the m-terphenyl-based complexes is reactive towards 
dioxygen, often giving rise to oxo-bridged diiron(lll) complexes. 8 These have 
been isolated and characterized by various spectroscopic techniques. 8 The four-
electron oxidation observed in these reactions cannot presumably proceed in one 
step, but the probable superoxo or peroxo intermediates were not detected. 1f 
Amongst all reported synthetic diiron monooxygenase models, these diiron(ll) 
complexes with sterically hindered carboxylates, are probably the closest 
structural mimics that resemble methane monooxygenase. The protective pocket 
of aromatic rings, however hinders reactivity investigations by blocking access of 
the substrates to the 02-activated diiron center. 8k 
ArTCi 
Ar Tol 0 oho .NCMe 
'1(,\1 \/ 
O-Fe Fe-O 
/\ I '-R 
MeCN o~ 0 ArTel 
ArTO! 
3 
t MeCN 
A?ol 
ArlOI a cAa ,THF 
'1('\/ 1,-' 
a-Fe Fe-O 
/1 1 '-R 
THF 01"0 0 ArTol 
ArTol 
2 
/ 
N 
if.} 
ArTOI_~ 
Figure 3.6: Representative examples of complexes of m-terphenyl carboxylate ligands, (adapted 
from ref8f). 
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3.2.5.1 C-H activation of substrates tethered to the coordinated N-donor 
ligands 
Intramolecular C-H bond activation has been reported in a series of diiron(lI) 
complexes in which the potential substrates were incorporated as substituents on 
the coordinated N-donor ligands. 8j-n Oxidation of these compounds has been 
studied by GC-MS and NMR spectroscopy by analysing the organic fragments 
following decomposition of the complexes. 8k Upon exposure to dioxygen, 
complexes containing benzyl-, ethyl-, thiol, sulfide, sulfoxide, and phosphine 
moieties as substrate fragments tethered to coordinated pyridine ligands, react to 
form corresponding alcohols, ketones, sulfoxides, sulfones and phosphine 
oxides. 8n 
For example, when [Fe2(IJ-02CArTOI)2(02CArTOI)2(NH2CH2CH2N(CH2Ph)2)2] is 
allowed to react with dioxygen, oxidative N-dealkylation of the tethered benzyl 
substituents occur, as illustrated in Figure 3.7. 180-labelling experiments 
confirmed that >90% of the oxygen in the benzaldehyde product comes from 
dioxygen and a possible mechanism for the reaction has been proposed. 8i It is 
further reported that oxidation only occurs for substituents at the ortho-position in 
which the substrate moiety was thought to be in close proximity to the diiron 
center. 8j-n No oxidation was observed with substituents tethered to the meta- or 
para-positions of the pyridine ligands.8 This illustrates the importance of bringing 
the substrates closer to the diiron active center in order for oxidation to occur. 
Research on the rich chemistry displayed by these compounds is ongoing with 
emphasis on kinetics, mechanisms and reactivity. 
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H60 + I~ .d' other products 
Figure 3.7: Oxidation of [Fe2(IJ-02CArTo'h(02CArTo'h(NH2CH2CH2N(CH2Phhhl with dioxygen to 
afford N-dealkylation of the tethered substrates. 
3.3 CARBOXYLATE-BRIDGED DIRUTHENIUM COMPLEXES 
The parallel chemistry of (l-/-oxo/hydroxo)bis(l-/-carboxylato)diruthenium 
complexes has been conducted in the hope of obtaining stable compounds in 
order to perform reactivity investigations on a wide variety of oxidation states 
from Ru(ll) to Ru(IV), and to utilize their redox properties to mimic biological 
systems. 9a A series of ruthenium complexes analogous to the diiron complexes 
described earlier, featuring the (l-/-oxo/hydroxo)bis(l-/-carboxylate) core, have 
been prepared and characterized by spectroscopic methods and X-ray 
crystallography. 
A widely adopted synthetic route to complexes containing the (l-/-oxo)bis(l-/-
carboxylate) diruthenium core involves the hydrolysis of LRuX3 (X = CI or Br and 
L = a tridentate cyclic N-donor ligand) in aqueous solutions containing sodium 
salts of a variety of carboxylic acids. 9c Generally, the metal ions in these 
dinuclear complexes are in an octahedral environment with coordinated tridentate 
capping ligands such as HB(pzh, TACN, etc, which are known to stabilize low 
valent metal centers occupying three sites. 9b Crystal structures reveal no 
evidence for a direct metal-metal bond (Fig. 3.8). The oxo complexes are readily 
protonated upon reaction with HCI, to yield compounds containing the (1-/-
hydroxo)bis(l-/-carboxylate) core, which are relatively unstable. 9c These 
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complexes display a wide range of sequential one-electron redox processes, 
[Ru" Ru"] +--+ [RuIRu"l] +--+ [RUIIiRu lll ] +--+ [RUIIiRu IV] +--+ [RuIVRu IV], cyclic 
voltammetrically, which are coupled with protonation of the oxo bridge. 9a These 
electrochemical results are important as the ability of the diiron center to display 
reversible redox properties appears to be essential for the catalytic activity of the 
enzymes. 
2+ 
2+ 
Figure 3.8: Examples of some of the reported (fJ-oxo)bis(fJ-carboxylate) dinuclear ruthenium 
complexes, 
Sudha and Sasaki have independently reported other complexes which have 
been prepared as mimics for hemerythrin. lO These complexes feature a [RU2(1-l-
O)(I-l-02CR)2f+ core and have six terminal imidazole or pyridine ligands as 
shown in Figure 3.8. 10 The complexes have been characterized by X-ray 
crystallography,lO and their electrochemical properties have been investigated. 10b 
Some complexes exhibit two reversible one-electron oxidation [RUlli RUlli] +--+ 
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[RU"IRu IV] +--+ [RuIVRu IV], and one two-electron reduction [RUIIiRu lll ] +--+ [RuIRu"], 
while others only display oxidation processes and no reduction. 10b These 
electron-transfer processes are significant, considering their relevance to the 
electron-transfer behavior of the respiratory protein hemerythrin. 10b 
In addition to complexes which feature a (lJ-oxo/hydroxo)bis(lJ-carboxylate) core, 
a considerable number of diruthenium complexes of the type [RU2(1J-
02CR)2(CO)4(L)2], have also been reported. 11 These dinuclear ruthenium 
'sawhorse' type complexes were first reported by Lewis and co-workers in 
1969.12 The complexes were prepared by refluxing dodecacarbonyltriruthenium, 
RU3(CO)12 with the corresponding carboxylic acids (RC02H). This reaction first 
led to the formation of polymeric carboxylate complexes, [Ru(lJ-
02CR)(CO)2]n.11,12 The latter were then reacted with two-electron donor ligands 
such as tertiary phosphines or pyridine derivatives to give dinuclear complexes of 
the type [Ru2(IJ-02CRh(CO)4(Lh]. Alternatively, these complexes can be 
prepared via the generation of polymeric [RuCI2(CO)2]n, which is then reduced by 
addition of carboxylate salts, followed by addition of the donor ligands. 11e This 
route, although less extensively employed, is based upon using the relatively 
cheap RuCI3.xH20 precursor and avoids the use of RU3(CO)12.11e The latter is 
expensive and it is more demanding in terms of its synthesis from RuCI3.xH20 
(autoclave, medium pressure).13 
The crystal structures of this family of compounds feature two octahedrally 
coordinated ruthenium atoms joined by a direct Ru-Ru bond and two cis bridging 
carboxylate groups as shown in Figure 3.9. 14 The coordination around each 
metal is completed by two terminal carbonyl groups in the equatorial positions 
and another terminal two-electron donor ligand in the axial position. 14 Since their 
discovery, these complexes have received special attention as they have shown 
very promising catalytic activities for hydrogenation, carbonylation and 
hydroformylation of unsaturated organic substrates. 15 
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R = H, Me, Et, npr, But, Ph, CF3, etc. 
L = py, 3-Mepy, 2-aminopy, bipy, 
CH 3CN, HPz, CO, etc. 
Figure 3.9: Examples of some of the reported ruthenium 'sawhorse' type complexes. 
The electronic and steric effects of various carboxylate bridging groups (R = Me, 
Et, But. Ph, CF3, etc.) have been investigated. Besides varying the bridging 
carboxylate groups, the coordination of a wide range of monodentate, bidentate 
and tridentate nitrogen as well as phosphine donor ligands to these diruthenium 
carboxylate-bridged complexes has also been reported. 9,10,16 Very recently, 
Auzias et al. reported the synthesis of [RU2(IJ-02CRh(CO)4L2], where R is a 
ferrocene carboxylic acid. 16 They have also reported analogous complexes 
containing a range of ferrocenyl substituents not only in the carboxylic acids, but 
also in the axial pyridine ligands. 16 Similarly, these ferrocenyl complexes were 
also prepared from RU3(CO)12, ferrocene carboxylic acid and various pyridine or 
triphenylphosphine derivatives. The electrochemical properties of these 
ferrocenyl complexes have been studied by cyclic voltammetry.16 
Although a wealth of structural data is available for the carboxylate-bridged 
tetracarbonyl Ru(l) dimers, the chemistry of these compounds is still not well 
explored. 15h Recent interest in these compounds stems mainly from the discovery 
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that they serve as catalysts or catalytic precursors in reactions such as the 
hydroformylation of olefins and the addition of carboxylic acids to alkynes,15 and 
there are very few reports concerning the stoichiometric reactions of these 
compounds. 15h In view of the fact that ruthenium complexes tend to be more 
stable than the iron analogous, they are likely to be more suitable for catalytic 
studies and reactivity investigations. It is on these grounds that we have decided 
to consider some of the ruthenium 'sawhorse' type complexes in the present 
study, and investigate their catalytic activities in alkane oxidation reactions. 
3.4 CATALYTIC ALKANE OXIDATION BY SOME MODEL COMPLEXES 
Table 3.1 lists some of the non-heme iron complexes that have been tested for 
their catalytic activities for saturated hydrocarbon oxidation. Those found with 
promising catalytic activity for alkane oxidation using strong oxidants such as 
H20 2 or ButOOH, are I-l-oxo diiron(lll) complexes with bidentate, 2,2'-bipyridine 
(bipy), or tetradentate, tris(2-pyridylmethyl)amine (tpa) and tris(1-methylimidazol-
2-yl)methylamine (tmima) pyridine-type ligands, and exchangeable I-l-acetate or 
terminal aqua ligands. 17a The very few such reported functional model systems 
were not effective enough to find useful applications,1a and their potential is 
strongly limited by the instability of the catalysts. The yields of products obtained 
and turnover numbers reported so far were low.17 In cases where large turnover 
numbers could be obtained, yields based on the substrates or oxidants were still 
low. In almost all the studies, cyclohexane has been the substrate of choice due 
to the ease of product identification.1b In most systems discussed in the literature, 
both ButOOH and H20 2 were found to be the most suitable oxidants in 
combination with these biomimetic catalysts,17a rather than molecular oxygen. 
It is often very difficult in catalytic oxidation reactions to determine the actual 
species that carry out the key oxidative transformation. Therefore, indirect 
mechanistic probes such as kinetic isotope effects, regioselectivity in 
adamantane oxidation, alcohol/ketone ratio, etc, have been used to deduce the 
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likely reaction mechanisms. 1b The results show that alkane oxidations by 
peroxides essentially appear to be dominated by hydroxyl radicals, which in turn 
generate long-lived alkyl radicals. 1b Fish and co-workers have indeed been able 
to isolate cyclohexyl hydroperoxide from their reactions, which is presumably 
derived from cyclohexylperoxyl radicals that are formed in the radical chain 
autoxidation. 17i There are, however, a few catalytic systems in which the 
involvement of a metal-based oxidant, especially metal peroxo species, have 
been suspected to play a key role in the oxidation of the substrates, by 
generating short-lived alkyl radicals. 1 b 
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Table 3.1 
Alkane oxidation reactions catalyzed by model complexes of non-heme diiron enzymes. 
Complex Solvent Oxidant Substrate Yield! % Cat. activity Ref. 
[Fe2(OAc)5(PY)2(OH2)]Et4N a py/acetic acid O2 adamantane 16.9 b, 18h [2b] 
[Fe2O(OAc)2(bipY)2Cb] CH 3CN ButOOH cyclohexane 54 c, 3 days [2d] 
[Fe20(H20)2(bipY)4](CI04)4 CH 3CN ButOOH cyclohexane 36 c, 10min [17b] 
[Fe2(TPA)20 (OAc)](CI04h CH 3CN ButOOH cyclohexane 80 TOF d [17e] 
[Fe2(TPAhO(OBz)](CI04h CH 3CN ButOOH cyclohexane 92 TOF d [17e] 
[Fe2O(tmima)2(H2O)2](CI04)4 CH 3CN ButOOH cyclohexane 7.5 TOF d [17j] 
[Fe2O(tmimah(OAch](CI04)4 CH 3CN H20 2 cyclohexane 14.1 TON/4h e [17i] 
[Fe20(02CMeh(hexpy)](CI04h CH2Cb/CH 3CN m-CPBA cyclohexane 58 c, 5min [17k] 
[Fe(III)(BPM P)CI(IJ-O) F e(III)C 13] CH 3CN H20 2 cyclohexane 19.2 b,8 h [171] 
[Fel+(H2Hbamb h(N-Melmh] DMF/CH2CI2 OIPh cyclohexane 58 c,12h [17m] 
(Et4NMFe2O(opbah]·3H2O CH3CN H20 2 cyclohexane 5.2 b, 24h [17n] 
(Et4NMFe2O(opbah]·3H2O CH 3CN H20 2 adamantane 5.6 b, 24h [17n] 
a Carried out under GiF conditions. b Total percent of products (alcohol + ketone) relative to initial concentration of substrate C Yields based on 
amount of oxidant consumed. d TOF = turnover frequency; calculated as total mmol of products per mmol of catalyst per hour. e TON = turnover 
number; calculated as mmol of products per mmol of catalyst 
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In summary, a variety of binuclear complexes have been reported as models for 
non-heme dioxygen activating enzymes. Several of these complexes have been 
demonstrated to react irreversibly with molecular oxygen, affording well-
characterized products.8 A few of these complexes have been investigated for 
their potential as hydrocarbon oxidation catalysts,17 however, none exhibits 
catalytic activity similar to that of biological monooxygenases.69 Some of the 
major problems with synthetic catalysts are associated with the use of less 
selective strong oxidants such as H20 2. H20 2 is increasingly becoming a 
preferred oxidant owing to its efficiency and environmentally friendly nature, as it 
produces only water as the by_product. 18a Unfortunately, the use of H20 2 as an 
oxidant gives rather poor results due to the strong ability of metal complexes to 
catalyze the dismutation of hydrogen peroxide. 18b The result is that only smaller 
amounts of the oxidant are used for the oxidation of the substrates. 
The oxidation of saturated hydrocarbons, the ultimate goal in modeling non-heme 
diiron enzymes, is highly challenging as it demands very reactive reagents and 
extreme reaction conditions. Catalytic reactions, particularly those under 
homogeneous conditions, require highly active oxidized species derived from the 
interaction of the metal complex with molecular oxygen or H20 2 , to react with an 
alkane, before being reduced by an excess of the reducing agent present in the 
reaction medium.1a Another major drawback lies in the very low stability of the 
catalysts to undergo reversible redox processes. In the protein systems, the 
dinuclear centers exist in different oxidation states, the reduced form (Fell Fe"), 
the oxidized form (FeIIiFelll ) and the mixed-valence state, (Fe"Felli and FeIIi FeIV).6i 
The ability of the protein to stabilize different oxidation states and display 
reversible redox properties appear to be essential for the catalytic activity of 
these enzymes. 6i Overall, there have been some successful attempts to model 
the activity of diiron enzymes, but a functional model system which can generate 
a reactive species that will performs hydrocarbon oxidation chemistry effectively, 
is yet to be reported. 7a 
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Chapter 4 
SYNTHESIS AND CHARACTERIZATION OF DJ/RON AND 
DIRUTHENIUM COMPOUNDS 
4.1 INTRODUCTION 
Chapter 3 provides a review of diiron and diruthenium complexes which have 
been prepared as models for diiron monooxygenases. From this review, it is 
apparent that much work has been done with regard to the synthesis of these 
complexes, particularly the diiron complexes. The amount of work carried out 
is evident from a large number of complexes which have been prepared using 
a variety of synthetic routes. A significant number of carboxylate-bridged 
diiron complexes have been reported, however some binuclear Iron 
complexes are quite air sensitive and thermally unstable, although this 
depends on the metal oxidation state and the ligand environment. 
In an attempt to overcome the stability limitation of diiron complexes, we 
embarked on a programme to synthesize diruthenium compounds as model 
complexes, which are generally more stable than the diiron complexes. In the 
work carried out in this project, a series of dinuclear ruthenium complexes (2-
16) were synthesized following literature procedures, and the reactivity of 
selected complexes in hydrocarbon oxidations were investigated. 
4.2 SYNTHESIS OF MODEL COMPLEXES 
This chapter mainly deals with the synthesis and characterization of 
complexes of the type [RU2(IJ-02CR)2(CO)4(Lh]' where R = Me, L = pyridine 
(py) 4, 1-methylimidazole (1-Melm) 5, 3-methylpyridine (3-Mepy) 6, 3-
phenylpyridine (3-Phpy) 7, 4-phenylpyridine (4-Phpy) 8, 1-phenylimidazole (1-
Phlm) 9, 1-butylimidazole (1-Butlm) 10; R = Ph, L = py 12, 3-Phpy 13, 4-Phpy 
14, 1-Melm 15 and 1-Butlm 16. All these complexes were prepared from 
polymeric precursors, [RU(IJ-02CMe)(COh]n 3 and [Ru(IJ-02CPh)(CO)2]n 11, 
respectively, following a literature procedure. 1 In addition to these compounds, 
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two other known compounds,2,3 1 and 2 have also been prepared. The 
synthesis of other binuclear iron model complexes was also attempted; 
however, we have not been able to characterize any iron complexes except 
for complex 1. To the best of our knowledge, complexes 5,7,8,9,10,13,14, 
15 and 16 have not been reported previously in the literature. 
4.2.1 Preparation of [Fe2(AcO)s(J,J-OH2)(pyhlE4N (1) 
This complex was synthesized according to a literature procedure.2 The 
dinuclear anionic species, [Fe2(AcO)s(I-l-OH2)(pY)2r assembles spontaneously 
from pyridine solutions of Fe"(OAc)2AH20 and was precipitated as the Et4N+ 
salt. The product is thermally unstable and decomposes rapidly on melting at 
room temperature, but it was stable for several days at low temperatures (4 
°C). Owing to its instability, we have only managed to characterize compound 
1 by infrared, which reasonably compares with what is reported in the 
literature. 2b No attempts were made to purify compound 1 for elemental 
analysis, and this compound was therefore not well-characterized in this 
project. 
pyridine 
Fe"(OAch AH 20 ~ (EqA.1 ) 
Et4N(OAc)AH 20 
(1 ) 
The observed strong I R peaks at 1567, 1439 and 1416 cm-1 are characteristic 
of bridging acetate ligands. The literature reported compound shows similar 
very strong absorptions at 1620, 1577, 1567, 1446 and 1416 cm-1.2b A weak 
broad band at 2989 cm-1 has been assigned to I-l-H20; the corresponding 
peak was reported at 2982 cm-1.2b The compound has been previously 
characterized by elemental analysis and X-ray crystallography.2 The crystal 
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structure reveals an asymmetric diiron(ll) anion in which the two iron atoms 
are bridged by two acetate groups and one water molecule.2 On the basis of 
differences observed in the solution electronic spectra measured in pyridine 
and acetonitrile solutions, it has been reported that pyridine, being the only 
labile ligand present in the compound, can dissociate, with the kinetically 
labile complex then undergoing structural rearrangement to form new 
unidentified products. 2b 
Complex 1 has been reported to catalyze the oxidation of adamantane with O2 
under 'GiF conditions' (see chapter 3) to give 1-adamantanol, 2-adamantanol 
and 2-adamantanone. 2b The golden brown colour of complex 1, and strong IR 
absorption peaks at 1567, 1439 and 1416 cm-1, which are typical for the 
bridging acetate molecule, are in accordance with the compound reported by 
Coucouvanis and co-workers. 2b It therefore appears likely that we have 
isolated the same compound. Nevertheless, owing to its instability, no 
reactions were attempted with this compound in the present study. 
This complex was synthesized according to a literature procedure.3 The 
dinuclear cationic species, [RU2(1-l-02CCH3)2(1-l-0)(PY)6f+ assembled from a 
reaction medium containing RuCI3.3H20, acetic acid and pyridine, and was 
precipitated as its PF6- salt. The compound was very soluble in acetonitrile 
and dichloromethane and was found to be stable up to temperatures above 
300°C. The elemental analysis of this compound agrees very well with the 
proposed formulation. 
2+ 
(EqA.2) 
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Attempts to synthesize the 1-methylimidazole analogue of complex 2 using a 
similar procedure were not successful. The imidazole compounds, i.e [RU2(f-l-
02CRh(f-l-O)(lmH)6](CI04)2, [Ru2(f-l-02CR)2(f-l-O)(1-Melm)6](CI04h and [RU2(f-l-
02CR)2(f-l-O)(4-Melm)6](CI04h have however been prepared from the 
RU2(02CR)4CI precursors.4 This synthetic route make use of potentially 
explosive perchlorate salts of metal complexes,4 and was not attempted in the 
current study. 
The IR spectrum of compound 2 shows a strong band at 1602 cm-1 which can 
be assigned to C=C or C=N stretching frequencies of the pyridine ligands. 
Several absorptions resulting from the bridging acetate groups occur between 
1530 and 1400 cm-1. The infrared spectral data for this compound have not 
been reported before in the literature. The X-ray structure of the complex has 
been previously reported. 3b The complex cation consists of a diruthenium unit 
bridged by an oxo and two carboxylate ligands, while terminal sites are 
occupied by six pyridine ligands. The ruthenium atoms show an essentially 
octahedral geometry and due to steric repulsion of the coordinated pyridine 
ligands, the complex is asymmetric. 3a It is suspected that the aqua bridged 
complex is the precursor to the isolated f-l-oxo complex, but attempts to isolate 
the aqua derivative have been unsuccessful so far.3 
Complex 2 has been reported to undergo two reversible one-electron 
oxidation processes at E1/2 = +0.58 and +1.72 V, which correspond to the 
reversible oxidation of the RU2(111) to the RU2(11I,IV) and RU2(IV) states, 
respectively.3 An irreversible reduction wave was also observed at -0.88 V, 
which is assigned to the reduction to the RU2(1I,1I1) state.3 
4.2.3 Preparation of [RU(IJ-02CR)(COh]n (3 and 11) 
The compounds [Ru(f-l-02CR)(CO)2]n, R = Me (3) and Ph (11) were prepared 
according to the reported procedure. 1 RU3(CO)12 reacts with glacial acetic acid 
and benzoic acid when heated at high temperatures to generate insoluble 
polymeric compounds, [RU(f-l-02CMe)(CO)2]n and [Ru(f-l-02CPh)(COh]n, 
respectively. Over the course of the reactions, the solutions change in colour 
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from orange to reddish orange. This change in colour implies the oxidation of 
the Ru(O) carbonyl. The reaction with benzoic acid took much longer, while 
the reaction with acetic acid was relatively rapid as evident from colour 
changes which were observed within the first 30 minutes of the reaction. This 
could be partly due to the fact that the reaction with benzoic acid was done in 
the solvent (toluene) whereas the acetic acid reaction is done in neat acetic 
acid. 
[Ru(CH3C02)(CObln 
(3) 
(EqA.3) 
The ruthenium dicarbonyl polymers, [Ru(fJ-02CMe)(COh]n and [Ru(fJ-
02CPh)(CO)2]n, were isolated as stable orange and orange red powders, 
respectively and were obtained in yields of 97 and 35%, respectively (Table 
4.1). These polymeric compounds were insoluble in non-ligating solvents. 
While the reaction of RU3(CO)12 with acetic acid proceeds quantitatively to 
yield the insoluble polymer [Ru(fJ-02CMe)(CO)2]n, two other products have 
been reported to be generated from the similar reaction with benzoic acid. 1d 
These products, [Ru(02CPh)(COhh and [Ru2(fJ-02CPhh(CO)4(02CPh)2], 
were reported to remain in solution with the benzoic acid (vide infra),1d thus it 
was easy to separate the polymer from the reaction mixture by filtration. The 
formation of other products (which were not identified/characterized in this 
study) could explain why [Ru(fJ-02CPh)(CO)2]n was obtained in low yields. 
It is speculated that the reaction between RU3(CO)12 and carboxylic acids 
yields [RU(02CR)(COhh as the initial product, which subsequently 
polymerizes by losing CO ligands to yield the stable polymers. In their 
comparative study, Shvo and co-workers observed that precipitation of the 
benzoate polymer was only evident after 48 hours, while the acetate polymer 
for example, was formed from [Ru(02CMe)(COhh immediately and 
quantitatively.1d It was thus concluded that aromatic as well as a-branched 
chain aliphatic carboxylate complexes do not show a pronounced tendency 
toward polymerization as opposed to the straight chain aliphatic ones. 1d This 
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lower polymerization rate is partially due to the steric effect associated with 
the aromatic/a-branched chain part of the carboxylate ligand. 1d Also from the 
basicity consideration, the acetate ligand must carry a higher electron density 
than the benzoate ligand. 1d This electronic effect can be inferred from the 
infrared spectral data which shows asymmetric stretching vibration of the 
acetate ligand in [RU(IJ-02CMe)(COh]n at 1555 vs. 1535 cm-1 in [Ru(lJ-
02CPh)(CO)2ln. This implies that electron delocalization in the aromatic 
substituents has a diminishing effect on the p character of the oxygen atoms 
of the carboxylate ligands which are involved in polymerization. 1d 
The IR spectra of these ruthenium dicarbonyl compounds 3 and 11, show 
C=O stretching vibrations in the region 1800-2100 cm-1 (Fig. 4.2 and Table 
4.3), in accordance with literature reports for similar compounds.1 The two 
very strong peaks observed at 1555 and 1401 cm-1 for the acetate complex, 
and at 1535 and 1400 cm-1 for the benzoate complex, were assigned, 
respectively, to the asymmetric and symmetric carboxylate stretching vibration 
modes, and are in agreement with literature reports. 1 These carboxylate 
peaks give further evidence for the formation of the carboxylate-bridged 
structure. 1d 
4.2.4 Preparation of [RU2(IJ-02CRh(CO)4(Lh1 (4-10 and 12-16) 
The dicarbonyl polymers (3 and 11) readily react with a variety of two-electron 
donor ligands such as phosphines, amines, nitriles, etc, to produce dimeric 
complexes of the type [RU2(IJ-02CR)2(CO)4(Lhl.1,5 Several of these 
carboxylate-bridged diruthenium complexes containing pyridine (4 and 12) 
and imidazole ligands as well as their alkyl and phenyl substituted derivatives, 
namely: 1-methylimidazole (5 and 15), 3-methylpyridine (6), 3-phenylpyridine 
(7 and 13), 4-phenylpyridine (8 and 14), 1-phenylimidazole (9) and 1-
butylimidazole (10 and 16) (see Fig. 4.3), have been synthesized and fully 
characterized. Of these complexes, 5, 7, 8, 9, 10, 13, 14, 15 and 16 have not 
been reported before in the literature. 
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py 
ether 
(EqAA) 
We have also attempted the synthesis of [RU2(fJ-02CMe)2(CO)4(PCY3)2]. Our 
reason to try and synthesize the tricyclohexylphosphine (PCY3) derivative was 
based on the fact that phosphine ligands have been shown to improve the 
reactivity of related binuclear complexes by simulating the electronic role of 
nitrogen-rich ligands found in enzymes.6 For example, the dithiolate bridged 
diruthenium complex containing PCY3 ligands, namely [RU2(fJ-
S2C3H6)(CO)4(PCY3h]' has been shown to undergo oxidative addition with 
dihydrogen and HCI under UV-photolysis.6 
This photoaddition of H2 is representative of a potentially general reaction 
whereby substrates oxidatively add to the diruthenium carbonyl compounds 
with dissociation of the CO ligand.6 However, we did not manage to 
synthesize the PCY3 derivative of the ruthenium carbonyl complex. After 
prolonged refluxing in diethyl ether, the isolated material was confirmed to be 
the starting material by infrared spectroscopy. The use of high boiling point 
solvents i.e toluene and benzene also did not result in any reaction. Even 
though PCY3 is bulkier than all the other ligands that have been used in this 
study, it is still surprising that we could not synthesize this compound, as the 
Os derivative has been synthesized and fully characterized in our laboratory.? 
4.3 CHARACTERIZATION OF THE [Ru2(IJ-02CRh(CO)4(Lh1 COMPLEXES 
All the diruthenium complexes of the type [RU2(fJ-02CR)2(CO)4(L)2] have been 
characterized by IR, 1 Hand 13C NMR spectroscopy and micro-analysis as well 
as by mass spectrometry for compounds 5, 7, 8 and 9 (Table 4.1-4.7). The 
thermal stability of the diruthenium compounds 4-9, has also been 
investigated by thermogravimetric analysis (TGA). These characterization 
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data are discussed in the following sub-sections. In addition, the 
electrochemical behaviour of compounds 4, 5, 6, 8, 12 and 14 has been 
studied by cyclic voltammetry and these will be discussed in chapter 5. 
4.3.1 Characteristic properties of the [RU2(JJ-02CRh(CO)4(Lh1 complexes 
The compounds 4, 5, 6, 7, 8, 9, 12, 13 and 14 were isolated as yellow 
crystalline powders in very good yields, whereas compounds 10, 15 and 16 
were obtained as light yellowish brown oils. Complexes 4-9 and 12-14 were 
obtained in high purity after recrystallization from a mixture of 
dichloromethane and hexane. The crystalline powders are very stable at room 
temperature, in air, and were very soluble in halogenated solvents and 
acetonitrile. The yellowish brown oils, 10, 15 and 16 are less stable at room 
temperature and in halogenated solvents; they slowly decompose to dark 
brown and finally dark blue residues. When stored at low temperatures (4°C) 
under N2 , they can survive for several weeks. All the crystalline compounds 
tend to decompose without melting, upon heating between 197 DC and 245 DC 
(Table 4.1). The elemental analyses for complexes 4-9 and 12-14 were 
consistent with their proposed compositions (Table 4.1). Despite repeated 
recrystallization attempts, elemental analysis for compound 9 deviated by 
0.80% from the calculated carbon values, but otherwise the analytical values 
obtained for Hand N are in good agreement with the calculated values. The 
elemental analysis of compounds 10, 15 and 16 did not give the expected 
values possibly as a result of decomposition; hence the compounds were not 
fully characterized. These compounds are oils and so they were more difficult 
to purify completely. But since their infrared, 1 Hand 13C NMR spectroscopic 
data support the assumption that these oils are isostructural to the solid 
compounds, their structural formulae were assigned by analogy to other 
literature reported 'sawhorse' type complexes. 1 
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Table 4.1 
Some characterization data for the synthesized binuclear ruthenium complexes. Percentage 
yields, elemental analysis and decomposition temperature data. 
Compound Yield Elemental analysis a Td b (OC) 
(%) C(%) H(%) N(%) 
[RU(IJ-0 2CMe)(COhln (3) 97 22.50 1.29 na 
(22.23) (1.40) 
[Ru2(IJ-02CMeMCO)4(pyhl (4) 89 36.07 2.61 4.68 200-
(36.61 ) (2.73) (4.74) 205 
[Ru2(IJ-02CMeh(CO)4(1-Melmhl (5) 90 32.12 2.89 9.24 230-
(32.22) (3.04) (9.39) 235 
[Ru2(IJ-02CMeh(CO)4(3-Mepyhl (6) 81 38.60 3.15 4.31 214-
(38.84) (3.26) (4.53) 217 
[Ru2(IJ-02CMeMCO)4(3-Phpyhl (7) 83 48.40 3.13 3.52 213-
(48.52) (3.26) (3.77) 216 
[Ru2(IJ-02CMeMCO)4(4-Phpyhl (8) 82 48.23 3.28 3.47 240-
(48.52) (3.26) (3.77) 245 
[Ru2(IJ-02CMeh(CO)4(1-Phlmhl (9) 62 42.54 3.04 7.31 197-
(43.33) (3.08) (7.77) 200 
[RU2(IJ-02CMeh(CO)4(1-Butlmh](10) 81 
[Ru(IJ-0 2CPh)(COhln (11 ) 35 38.91 2.10 na 
(38.86) (1.81) 
[Ru2(IJ-02CPhh(CO)4(pyhl (12) 87 46.86 2.86 3.64 197-
(47.06) (2.82) (3.92) 203 
[Ru2(IJ-02CPhh(CO)4(3-Phpyhl (13) 86 55.14 3.21 2.94 223-
(55.43) (3.26) (3.23) 227 
[Ru2(IJ-02CPhh(CO)4(4-Phpyhl (14) 80 55.26 3.20 2.98 235-
(55.43) (3.26) (3.23) 240 
[Ru2(IJ-02CPhh(CO)4(1-Melmhl (15) 73 
[Ru2(IJ-02CPhh(COM1-Butlmhl (16) 70 
a Calculated values in parentheses, b T d Decomposition temperature, na Satisfactory results 
not obtained. 
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4.3.2 Thermogravimetric Analysis (TGA) 
The thermal stability and decomposition of complexes 4, 5, 6, 7, 8 and 9 has 
been examined by TGA. As stated earlier, these complexes are highly stable 
and were observed to only start decomposing at temperatures above 197°C. 
This high stability can be partially rationalized in terms of the strong a-donor-
capacity of the N-donor ligands, which increases the electron density on the 
metal centers thus increasing the thermal stability of these complexes. The 
thermograms of these complexes indicate that their decomposition occurs in 
two main steps (Fig. 4.1). For complexes 4, 5, 6 and 7, there is a clear 
distinction between the two stages (Fig. 4.1 A, B, C and D). However, for 
complexes 8 and 9, it appears as if there were three steps which were not 
clearly separated (Fig. 4.1 E and F). 
The mass loss observed at temperatures between 150 and 300°C in 
thermograms for compounds 4, 5, 7 and 8 appears to correspond to the 
dissociation of the two identical N-donor ligands. The remaining dimeric units 
then cleave in the second step forming the mononuclear species. This 
cleavage is characterized by a fast, and then gradual weight loss which 
occurs in the temperature range of 300 to 600°C. Compound 9 gave 
interesting results that correspond to the results obtained in mass 
spectrometry (see later) in which all coordinated ligands are lost and only the 
bridging ligands remain intact (Table 4.2b). Complexes 6 however gave 
ambiguous results as the calculated values did not correspond with the 
experimental results (Table 4.2a and b). The loss of carbonyl groups has been 
reported for a similar complex, i.e [Ru2(I-l-02CCH3)2(CO)4(pPh3)2],1a but TGA 
results obtained for compounds 4, 5, 7 and 8 suggest that coordinated 
carbonyl ligands appear to be conserved. These TGA results are somewhat 
surprising as it was expected that all the ligands will be lost and the remaining 
mass should correspond to the RU2 ion. The actual mass loss however does 
not account for this expectation. 
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Scheme 4.1: The general thermal decomposition pattern for the [Ru2(I-l-02CMeh(CO)4(Lhl 
complexes 
Table 4.2a 
Thermogravimetric data of complexes 4-9 showing the observed percentage mass loss. 
compound 
(4) 
[RU2(IJ-02C Me )2( CO )4( 1-Me I m )2] (5) 
[RU2(IJ-02CMeh(CO)4(3-MepY)2] (6) 
[RU2(IJ-02CMe)2(CO)4(3-PhPY)2] (7) 
[RU2(IJ-02CMe)2(CO)4(4-PhPYh] (8) 
[RU2(IJ-02CMe)2(CO)4(1-Phlm)2] (9) 
a Calculated values in parentheses 
Table 4.2b 
Percentage mass loss 
2 x N-donor 
ligands 
26,51 (26.79) 
27.81 (27.53) 
34.17 (30.11) 
39.77 (41.79) 
41.49 (41.79) 
28.31 (40.01) 
mononuclear 
species 
37.87 (36.60) 
33.92 (36.24) 
43.32 (34.94) 
30.93 (29.10) 
28.84 (29.10) 
26.98 (29.99) 
Thermogravimetric data of complexes 6 and 9 showing the observed percentage mass loss. 
compound 
[RU2(IJ-02CMe)2(CO)4(3-Mepyh] (6) 
[RU2(IJ-02CMeh(CO)4(1-Phlm)2] (9) 
a Calculated values in parentheses 
Percentage mass loss 
2 x CO + 1 x N- 2 x CO + 1 x N-
donor ligand donor ligand 
34.17 (24.11) 
28.31 (27.78) 
43.32 (24.11) 
26.98 (27.78) 
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Figure 4.1: TGA curves for compounds 4 (A), 5 (8) and 6 (C). 
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Figure 4.1 continued: TGA curves for compounds 7 (0), 8 (E) and 9 (F). 
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4.3.3 Infrared Spectroscopy 
The IR spectra of all compounds (4-10 and 12-16) in the CO and OCO 
stretching frequency region show absorption bands consistent with other 
ruthenium sawhorse-type complexes reported in the literature.1,5 The infrared 
spectra of the [RU2(IJ-02CR)2(CO)4(Lh] type complexes are characterized by 
three CO stretching bands in the region 2026-1934 cm-1, 2 strong and 1 
medium, and all iso-structural complexes exhibit similar infrared spectra in the 
this region (Fig. 4.2). These bands are characteristic for stretching vibration 
pattern of the coordinated carbonyl groups of the RU2(CO)4 sawhorse unit with 
a C2\' symmetry,1C and serve as useful indicators for the presence of [RU2(1J-
02CR)2(CO)4(Lh] type complexes in reaction mixtures. No bands were 
observed in the region 1700-1900 cm-1 normally associated with carbonyl 
groups in a bridging position. 1a 
No significant difference is observed in the u(C=O) band positions for the 
different dimeric complexes. In all complexes, the highest carbonyl stretching 
frequency is observed between 2026 and 2021 cm-1. These relatively low 
u(C=O) stretching frequencies (2021-1934 cm-1) observed for complexes 4-10 
and 12-16, suggest significant back-bonding interaction from the filled Ru d 
orbitals to the CO 7[* orbitals. All the symmetric dimers 4-10 and 12-16, exhibit 
CO stretching bands at frequencies lower than those from their respective 
precursors 3 and 11. This implies that through a-donation, the N-donor 
ligands increase the electron density on the metal center which favour the 
d-+7[* back donation. 
The absorption around 1600cm-1 has been attributed to the C=C or C=N 
stretching mode of the nitrogen-containing ligands. 5a All spectra of the dimeric 
derivatives (4-10 and 12-16), show absorption bands in the regions between 
1580 and 1500 cm-1 and between 1450 and 1400 cm-1. These were assigned 
to the various vibrations associated with bridging carboxylate groups, (OCO), 
in agreement with the literature.1 Absorption peaks occurring at around 1578 
to 1571 cm-1 are assigned to the asymmetric stretching mode of the 
carboxylate bridges, while those appearing between 1447 and 1440 cm-1 are 
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most likely to be due to the symmetric stretching mode. The average 
separations between u(OCO)asym and u(OCO)sym vibrational modes 
correspond to ca. 134 cm-1 , in agreement with previously reported IR spectra 
for these types of complexes. 1b The literature reported U(OCO)asym -
u(OCO)sym values fall within the range of 155-130 cm-1. This is typical L1U 
range indicating the presence of a chelate carboxylic group bridging two 
ruthenium atoms. 5c 
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Figure 4.2: Infrared spectra of [Ru(IJ-02CMe)(COhln polymer (A) and that of the product 
formed by reacting the polymer with pyridine (8), 1-methylimidazole (C), 3-methylpyridine (0), 
3-phenylpyridine (E), 4-phenylpyridine (F), ... 
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Figure 4.2 continued ... 1-phenylimidazole (G) and 1-butylimidazole (H). Infrared spectra of 
[Ru(~-02CPh)(CO)21n polymer (I) and that of the product formed by reacting the polymer with 
pyridine (J), 3-phenylpyridine (K), 4-phenylpyridine (L), 1-methylimidazole (M) and 1-
butylimidazole (N). All spectra, except A and I (KBr), were run in CHCI 3 . 
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Table 4.3 
The IR data for the binuclear ruthenium complexes of the type [RU2(iJ-02CRh(CO)4(LhJ, showing stretching frequencies for carbonyl and carboxylate groups 
in the 2400-1300 cm- 1 region a 
CpdNo u(CO)(cm- ) l)(OCO)(cm- ) 
3 2052vs 1993vs 1964, 1949vs 1555vs 1437sh 1415sh 1401vs 1342vs 
4 2026vs 1975m 1941vs 1601w 1578s, 1571 sh 1484w 1447s 1440sh 1350w 
5 2022vs 1970m 1935vs 1576s 1529m 1439s 1421sh 1349w 
6 2025vs 1974m 1940vs 1603w 1574s 1482w 1443s 1384m 1351w 
7 2026vs 1975m 1942vs 1601m 1575s 1470w 1442s 1384w 1351w 
8 2025vs 1974m 1941vs 1608m 1575s 1484w 1441s 1384w 1350w 
9 2024vs 1971m 1937vs 1601m 1575s 1515s 1439s 1384w 1350w 
10 2022vs 1969m 1934vs 1577vs,1508vs 1465s 1441s 1383m 1370w 
11b 2050vs 2006sh 1973vs 1600sh 1584m,1535vs 1519vs,1495sh 1449m 1400vs 
12 2026vs 1975m 1942vs 1599s 1560s 1484w,1447s 1418vs 1383w 
13 2026vs 1976m 1942vs 1599s 1560vs 1471w,1454w 1418vs 1383w 
14 2025vs 1975m 1941vs 1598m 1561s 1467w 1418s 1383m 
15 2022vs 1969m 1935vs 1599m 1561s,1519vs 1470s 1420s 1380m 1361w 
16 2021vs 1969m 1935vs 1599m 1562s,1508vs 1465s 1416s 1382m 1370sh 
a Solvent CHCI3 b KBr. 
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4.3.4 1H NMR Spectroscopy 
The 1 H NMR spectra of all complexes measured in CDCI3 are consistent with 
the compounds having a two-fold symmetry, so that the chemical 
environments of the two terminal N-donor ligands as well as the bridging 
ligands are equivalent to one another. The peak assignments for complexes 
4,6 and 12 were in agreement with those reported in the literature. 15 AII1H 
NMR spectra for the new compounds display the expected signals for the 
aromatic rings of the N-donor ligands and their phenyl/alkyl substituents. The 
1 H NMR spectra for compounds 4-10 display a sharp singlet in the range 
2.00-2.08 ppm attributed to the methyl protons of the bridging acetate ligands 
(Table 4.4). The signals due to 10 protons of the benzoate groups for 
compounds 12-16 are centered around 7.93-7.21 ppm and they overlap with 
the peaks that are attributed to the protons on the pyridyl or imidazoyl rings. 
The methyl proton signals from the 1-methylimidazole groups in compounds 5 
and 15 appear as a singlet at 3.72 and 3.63 ppm, respectively. The methylene 
protons signals of the 1-butylimidazole groups of compounds 10 and 16 
appear at 3.74 and 3.94, 1.57 and 1.71 and 1.14 and 1.28 ppm, respectively, 
while the resonance for the methyl protons appears as a triplet at 0.75 and 
0.89 ppm, respectively. Other signals appearing in the range of 9.23-6.68 ppm 
in all the spectra are assigned to the protons of the pyridyl and imidazoyl rings 
and integrate for two chemically equivalent pyridyl or imidazoyl ligands. Figure 
4.4 shows the representative 1 H NMR spectra of complexes 6 and 10. The 
complete assignments of all 1H NMR signals for compounds 4-10 and 12-16 
are given in Table 4.4. 
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Figure 4.3: The structures of the ligands used for the synthesis of diruthenium complexes. 
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Figure 4.4: The 1H NMR spectra of complexes 6 (A) and 10 (8) in CDCI3 
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Table 4.4 
Assignments of the 1H NMR spectra for [RU2(~-02CRh(CO)4(L)2l complexes 
CpdNo N-donor ligand and benzoate acetate 
Aromatic H 
8.72 (H2,H6) (dd, J = 6.3, 1.6 Hz, 4H), 
4 7.80 (H4) (tt, J =7.7, 1.7 Hz, 2H), 
7.40 (H3,H5) (ddd, J = 7.6,4.8, 1.4 Hz,4H) 
7.69 (H2) (s, 2H), 
5 7.22 (H4) (dd, J = 2.8, 1.6 Hz, 2H), 
6.89 (H5) (t, J = 1.4 Hz, 2H) 
6 
8.53 (H2,H6) (d, J = 6.2 Hz, 4H), 
7.59 (H4) (d, J = 7.8 Hz, 2H), 
7.29 (H5) (dd, J = 7.7, 5.4 Hz, 2H ) 
8.95 (H2) (dd, J = 2.2, 0.6 Hz, 2H), 
8.70 (H6) (dd, J = 5.3, 1.5 Hz, 2H), 
7.98 (H4) (ddd, J = 7.9, 2.2, 1.5 Hz, 2H), 
7 7.59 (H8,H12) (t, J = 1.7 Hz, 4H), 
7.51 (H5) (t, J = 1.5 Hz, 2H), 
7.48 (H9,H11) (d, J = 0.8 Hz, 4H), 
7.43 (H10) (t, J = 1.4 Hz, 2H) 
2.02 (s, 6H) 
3.72 (s, 6H) 2.00 (s, 6H) 
2.39 (s, 6H) 2.03 (s, 6H) 
2.05 (s, 6H) 
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Table 4.4 continued 
----------------------------------------------------------------------------------------
CpdNo~ ______________ ~----------~N~-d~o~n~o~r~li~g=an~d~an~d~b~e=n=z~o~a~te~------------------~~-------=ac=e~ta=t~e---
Aromatic H -CH2, -CH3 -CH3 
8.78 (H2,H6) (dd, J = 5.0,1.6 Hz, 4H), 2.08 (5, 6H) 
7.67 (H3,H5) (dd, J = 7.9, 1.6 Hz, 4H), 
8 7.63 (H8,H12) (dd, J = 5.0,1.6 Hz, 4H), 
7.53 (H9,H11) (d, J = 1.6 Hz, 4H), 
7.51 (H10) (t, J = 1.8 Hz, 2H) 
8.09 (H2) (t, J = 1.3 Hz, 2H), 
9 7.50 (H5) (m, 2H), 
7.41 (ArH) (m, 10H), 
10 
12 
7.30 (H4) (t, J = 1.5 Hz, 2H) 
7.26 (H2) (5, 2H), 
6.85 (H4) (5, 2H), 
6.72 (H5) (5, 2H) 
8.96 (H2,H6) (m, 4H), 
7.93 (H4) (tt, J = 7.6, 1.7 Hz, 2H), 
7.87 (H2'H6') (dd, J = 8.1, 1.1 Hz, 4H), 
7.54 (H3,H5) (ddd, J = 7.6, 4.8, 1.5 Hz, 4H), 
7.40 (H4') (m, 2H), 
7.29 (H3'H5j (t, J = 7.6 Hz, 4H) 
3.74 (H6) (t, J = 7.2 Hz, 4H), 
1.57 (H7) (m, 4H ), 
1.14 (H8) (m,4H) 
92 
0.75 (H9) (t, 
J = 7.4 Hz, 6H) 
2.04 (5, 6H) 
2.03 (5, 6H) 
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Table 4.4 continued 
CpdNo 
Aromatic H 
9.23 (H2) (d, J = 2.0 Hz, 2H), 
8.93 (H6) (dd, J = 5.3, 1.3 Hz, 2H), 
8.13 (H4) (m, 2H), 
7.88 (H2'H6) (m, 4H), 
13 7.71 (H8,H12) (m, 4H), 
7.62 (H5) (dd, J = 7.8, 5.3 Hz, 2H), 
7.54 (H9,H11) (m, 4H), 
7.48 (H10) (m, 2H), 
7.39 (H4) (m, 2H), 
7.24 (H3'H5) (t, J = 7.7 Hz, 4H) 
8.99 (H2,H6) (dd, J = 5.0, 1.6 Hz, 4H), 
7.93 (H2'H6) (dd, J = 8.3, 1.3 Hz, 4H), 
7.77 (H3,H5) (m, 4H), 
14 7.60 (H8,H12) (t, J= 1.9 Hz, 4H), 
7.58 (H9,H11) (m, 4H), 
7.56 (H10) (t, J = 1.5 Hz, 2H), 
7.41 (H4) (m, 2H), 
7.30 (H3'H5) (t, J = 7.5 Hz, 4H) 
Synthesis and characterization of diiron and diruthenium compounds 
N-donor ligand and benzoate acetate 
-CH.~2,~ ________________ -~C~H~3 ________ ~-~C~H~3~ __ 
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Table 4.4 continued 
CpdNo 
Aromatic H 
7.81 (H2'H6') (m, 4H), 
7.38 (H2) (s, 2H), 
15 7.31 (H4') (d, J = 7.5 Hz, 2H), 
7.21 (H3'H5') (m, 4H), 
16 
7.00 (H4) (s, 2H), 
6.83 (H5) (s, 2H) 
7.81 (H2'H6') (m, 4H), 
7.41 (H2) (s, 2H), 
7.31 (H4') (td, J = 2.9, 1.7 Hz, 2H), 
7.21 (H3'H5') (t, J = 7.5 Hz, 4H), 
7.00 (H4) (s, 2H), 
6.68 (H5) (s, 2H) 
Synthesis and characterization of diiron and diruthenium compounds 
N-donor ligand and benzoate 
3.94 (H6) (t, J = 7.5 Hz, 4H), 
1.71 (H7) (m, 4H ), 
1.28 (H8) (m, 4H) 
3.63 (s, 6H) 
0.89 (H9) (t, 
J = 7.4 Hz, 6H) 
acetate 
chemical shifts in ppm, coupling constants in Hz. (') denotes protons in the benzoate rings. 
94 
Un
ive
rsi
ty 
of 
Ca
pe
 To
wn
Chapter 4 Synthesis and characterization of diiron and diruthenium compounds 
4.3.5 13e NMR Spectroscopy 
The 13C NMR spectra of complexes 4-10 and 12-16 exhibit peak patterns 
consistent with the proposed structure of the compounds. The 13C NMR 
spectra for compounds 4-10 show a signal in the 23.61-23.83 ppm range due 
to the C atom of the acetate methyl group (Table 4.5). This peak is in 
agreement with the values reported for similar acetate bridged Ru(l) 
complexes. l .5 Signals due to C atoms of the benzoate rings were detected 
between 133.56 and 127.80 ppm in complexes 12-16. The peaks associated 
with the C atom of the carboxylate group, reported to appear in the 184-185 
ppm range in similar complexes,1.5 occur at 184.58, 184.50, 184.63 and 
184.27 ppm for complexes 6, 7, 9 and 10, respectively. This same peak was 
observed around 178-179 ppm in compounds 12-16. This signal appears as a 
very weak peak and was not noticeable in the spectra of complexes 4, 5 and 
8. The signal due to the C atom of the carbonyl group in similar complexes 
has been reported to appears between 203 and 205 ppm.15 Similar signals 
were observed in the spectra of all complexes, except 8, which also appear 
around 203-205 ppm range. These 13C NMR signals, the one for the C atom 
of the CO ligands and that of the carboxylate group confirm that all the 
isolated compounds are similar to dinuclear carboxylate-bridged Ru(l) 
complexes previously described in the literature. 1.5 Due to the low solubility of 
complex 8 in CDCI3 , the signal due to the C atom of the carbonyl group and 
that of the carbon atom of the carboxylate group, as well as the peak due to a 
tertiary carbon C7, were not detected. All spectra show several other peaks in 
the aromatic regions and these were assigned to the C atoms of the N-donor 
ligands in comparison with the 1 H NMR spectra. Other signals were also 
detected in the alkyl region for complexes 5, 10, 15 and 16 corresponding to 
the methyl or butyl substituents of the imidazoyl ring in these complexes. The 
complete assignments of all 13C NMR signals for compounds 4-10 are given 
in Table 4.5. 
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Table 4.5 
13C NMR spectral data for [Ru2(I-l-02CRh(CO)4(Lhl complexes 
CpdNo CO OCO N-donor ligand benzoate or acetate 
4 204.04 na 151.90 (C2C6), 137.32(C4), 124.93 (C3C5) 23.70 (CH3) 
5 204.95 na 138.63 (C2), 130.46 (C5), 120.35 (C4), 34.07 (CH 3) 23.79 (CH3) 
6 204.13 184.58 152.11 (C2), 149.02 (C6), 137.93 (C4), 134.68 (C3), 23.75 (CH3) 
124.36 (C5), 18.59 (CH 3) 
7 203.10 184.50 150.38 (C2), 150.34 (C6), 138.17 (C7), 136.99 (C4), 23.79 (CH3) 
135.73 (C3), 129.28 (C9C11), 128.61 (C10), 127.27 (CBC12), 
124.74 (C5) 
8 na na 152.00 (C2C6), 149.83 (C4), na (C7), 129.66 (C9C11), 23.76 (CH3) 
129. 32 ( C10), 127.09 (CBC12), 122.82 (C3C5) 
9 204.71 184.63 136.94 (C6), 136.71 (C2), 131.11 (CBC10), 130.05 (C9), 23.83 (CH 3) 
128.26 (C5), 121.88 (C4), 118.71 (C7C11) 
10 205.01 184.27 136.91 (C2), 129.15 (C5), 118.67 (C4), 46.54 (C6), 23.61 (CH 3) 
32.93 (C7), 19.56 (CB), 13.33 (C9) 
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Table 4.5 continued 
CpdNo CO OCO N-donor ligand benzoate or acetate 
12 204.27 179.16 152.05 (C2C6), 137 .43( C4), 124.89 (C3C5), 133.56 (C4,), 131.60 (Cn, 
129.66 (C2'C6'), 127.79 
(C3'C5') 
13 204.26 179.18 150.54 (C2), 150.47 (C6), 138.11 (Cl), 136.86 (C4), 133.55 (C4,), 131.52 Cn, 
135.69 (C3), 129.32 (C9C11), 128.69 (C10), 127.23 (CBC12), 129.66 (C2'C6'), 127.78 
124.73 (C5) (C3'C5') 
14 204.28 179.16 152.62 (C2C6), 150.00 (C4), 137.30 (Cl), 129.70 133.55 (C4,), 131.50 (Cn, 
127.18 (CBC12), 122.73 (C3C5) (C9C10C11), 129.37 (C2'C6'), 127.80 
(C3'C5') 
15 205.13 178.61 137.71 (C2), 130.19 (C5), 119.97 (C4), 34.70 (CH 3) 133.98 (C4,), 131.32 (Cn, 
129.88 (C2'C6'), 127.45 
(C3'C5') 
16 205.17 178.88 137.00 (C2), 129.18 (C5), 118.80 (C4), 46.71 (C6), 134.11 (C4,), 131.12 (Cn, 
33.00 (C7), 19.66 (CB), 13.43 (C9) 129.51 (C2'C6'), 127.62 
(C3'C5') 
chemical shifts in ppm, coupling constants in Hz, () denotes carbon atoms in the benzoate rings. na peaks not observed. 
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4.3.6 Mass Spectrometry 
To fully characterize the new compounds, low resolution Fast Atom 
Bombardment (FAB) mass spectra have been obtained for representative 
compounds, i.e 5, 7 and 9. Electrospray Ionisation (ESI) was used for complex 8 
because FAB did not give a good spectrum. The values obtained by ESI vary 
slightly from those of the isomeric compound 7, obtained by FAB. The 
fragmentation patterns observed for complexes 5, 7 and 9 were similar; the 
representative mass spectrum of complex 9 (Fig. 4.5) will be discussed. All 
spectra exhibit a weak peak that corresponds to the parent molecular ion [RU2(1J-
02CCH3h(CO)4(Lhf, confirming the dimeric formulation and composition of the 
complexes. Other ions corresponding to the stepwise loss of the four carbonyl 
ligands as well as the N-donor ligands were observed. Possible pathways for the 
fragmentation of the dinuclear complexes are illustrated in Scheme 4.2. 
The parent ion for compound 9 is observed at mlz 721.5. The loss of one CO 
ligand from the molecular ion [RU2(IJ-02CCH3)2(CO)4(Lhf leads to the formation 
of the ion [RU2(IJ-02CCH3)2(COh(L)2f (A), which gives rise to a high intensity 
peak (mlz 693.5). Successive loss of two more CO ligands from this daughter ion 
results in the formation of other high intensity peaks corresponding to [RU2(1J-
02CCH3)2(CO)2(Lhf (8) (mlz 664.5) and [RU2(IJ-02CCH3h(CO)(L)2f (C) (mlz 
634.5), respectively. [RU2(IJ-02CCH3)2(CO)(Lhf could lose the remaining CO 
ligand to form [RU2(IJ-02CCH3)2(L)2f (D) (mlz 608.6), which could subsequently 
lose the two N-donor ligands. A peak corresponding to [RU2(IJ-02CCH3)2(L)t (F) 
has been observed for 7 (mlz 475.5), 8 (mlz 490.0) and 9 (mlz 464.6). 
Alternatively, the loss of a N-donor ligand from C could take place first to give the 
[RU2(IJ-02CCH3h(CO)(L)f (E) (mlz 492.6), followed by the loss of CO. The same 
isotope pattern is present in most of the peaks due to the seven naturally 
occurring ruthenium isotopes and was observed in all the spectra. The possible 
assignments of the peaks observed in the mass spectra are reported in Table 
4.6. 
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Figure 4.5: Fast atom bombardment (FAB) mass spectrum of complex 9. 
In their earlier study, Lewis et al. established that both the ruthenium and osmium 
dimeric complexes of the type [M2(IJ-02CR)2(CO)4(L)2] were sufficiently volatile 
for mass spectroscopic studies. 1a Significantly, for many complexes where L is a 
tertiary phosphine, parent ions were not observed in the spectra, whereas the 
ions [RU2(IJ-02CRh(CO)4(Lf and [Lf were observed in high abundance. 1a 
Several other peaks corresponding to the stepwise dissociation of four carbonyl 
groups and the phosphine ligands were also observed. 1a Fragmentation of the 
RC02 group was reported for analogous osmium compounds, which ultimately 
give rise to the dimeric ion [OS2t 1a Other than the sequential loss of complete 
ligand units described above, no fragmentation of the ligands themselves was 
observed in this study. For the osmium complexes, it has also been reported that 
the symmetrical cleavage of the molecule to give mononuclear ions 
[Os(RC02)(CO)mf (m =0-3), is a favourable decomposition pathway.1a 
Mononuclear ions of the type [Ru(MeC02)(COh(L)f, were not observed in this 
study, indicating that the symmetric cleavage of the molecule is not a favourable 
decomposition pathway for the diruthenium complexes. This (with the exception 
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of compound 9) contrasts with the TGA of the neutral dimers where 
decomposition to monomeric units is observed. 
Table 4.6 
FAB mass spectral data with fragmentation patterns for the [Ru2(fJ-02CMeh(CO)4(L)21 complexes, 
(L= 1-methylimidazole, 3-phenylpyridine, 4-phenylpyridine and 1-phenylimidazole)a 
Possible assignment m/z 
5 7 8 5 9 
[Mr 597.5 (24) 742.3(9) 742.9 (12) 721.5 (5) 
[M-COr (A) 569.5 (36) 714.4 (50) na 693.5 (62) 
[M-2COr (8) 540.5 (26) 686.4 (27) 684.1 (67) 664.5 (45) 
[M-3COr (C) 512.5 (22) 656.4 (9) 655.0 (66) 634.5 (8) 
[M-4COr (0) 487.5 (50) 628.5 (11) 622.7 (12) 608.6 (18) 
[M-3CO-Lr (E) na 503.5 (32) 509.0 (12) 492.6 (25) 
[M-4CO-Lr (F) na 475.5 (31) 490.0 (35) 464.6 (34) 
a Peak intensities given in parentheses, b ESI, na peaks not observed. 
In summary, even though we were unable to obtain single crystals to determine 
the crystal structure of our new complexes, analytical and spectroscopic data 
agree with the formation of dinuclear carboxylate-bridged Ru(l) complexes which 
are analogues of the well-known ruthenium sawhorse-type complexes previously 
described in the literature. Confirmation of the identity of the compounds was 
obtained primarily from the IR, NMR, micro-analytical and mass spectral data of 
the representative compounds. 
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Scheme 4.2: Possible fragmentation pathways for the [RU2(IJ-02CMeh(CO)4(L)2] complexes 
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OXIDATION CATAL YSIS AND REACTIVITY STUDIES 
5.1 INTRODUCTION 
Several dinuclear iron complexes have been synthesized as structural models for 
the active sites of the diiron non-heme enzymes, but a review of the literature 
reveals that less work has been carried out regarding their reactivity and catalytic 
activities in the oxidation of alkanes (see chapter 3). Some complexes have been 
investigated in terms of their reactivity with molecular oxygen (see chapter 3), but 
not much work has been done to incorporate the activated oxygen into the 
hydrocarbon substrates. A few of these complexes have been shown to exhibit 
considerable activity in oxidation reactions of saturated hydrocarbons (see 
chapter 3), but their catalytic activity is much lower than that of methane 
monooxygenase. 1 Parallel to the study of diiron monooxygenases, there have 
been numerous reports on iron porphyrin complexes as biomimetic models for 
cytochrome P450 monooxygenases. 2 However, many metalloporphyrin 
complexes are prone to oxidative degradation. 1a Despite considerable efforts with 
regard to developing effective alkane oxidation catalysts, studies on the catalytic 
activities of monooxygenase models continue to be challenging and particularly 
with regard to identifying the nature of the oxidizing species and characterizing 
the active intermediates under the reaction conditions. 
5.2 HOMOGENEOUS CATALYTIC ALKANE OXIDATION REACTIONS 
Transition metal-catalyzed oxidation of saturated hydrocarbons uSing either 
molecular oxygen or strong oxidants such as hydrogen peroxide and t-butyl 
hydrogen peroxide, has been classified into three types based on mechanistic 
considerations. 3 All three are considered as catalytic processes that involve C-H 
bond activation. 
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Type I reactions are considered the 'true' C-H activation by organometallic 
complexes as the reactions result in formation of a M-C a-bond. 3b This cleavage 
of the C-H bond by direct participation of the transition metal complexes 
proceeds via an oxidative addition mechanism, or via an electrophilic substitution 
mechanism. 3b 
RH + Mn+ • [R-M-H](n+2)+ (Eq.5.1) 
RH + Mn+ • [R-Mt+ + H+ (Eq.5.2) 
Many examples of the resulting species, the metal alkyl and hydride complexes 
were discussed in chapter 1. 
Type II are those reactions in which abstraction of an electron, or a hydrogen 
atom, from the hydrocarbon results in C-H bond cleavage without generating a 
M-C a-bond. 3 The radical species formed interact with other reactive species 
present in solution. For example, in hydroxylation of an alkane by a metal oxo 
complex, an alkyl radical generated reacts with a hydroxyl ligand on the metal to 
form the alcohol product. 3b 
RH + [O=Mt+ • R- + [HO-M](n-1)+ ___ .... ROH + M(n-2) (Eq.5.3) 
Type III reactions are those in which the metal complex activates the oxidant, 
resulting in the formation of radical species, such as the formation of hydroxyl 
radicals from H20 2.3b 
(Eq.5.4) 
The reactive radical species formed then attacks the hydrocarbon molecule 
initiating the oxidation reactions. In the third type, the metal complex does not 
take part in the direct activation of the C-H bond. 3 
HO- + RH • H20 + R- (Eq.5.5) 
In this study, after having prepared a series of model complexes, we then 
embarked on investigations to see whether these complexes exhibit catalytic 
activities towards O2- and H20 2-based oxidation of cyclohexane and octane in 
homogeneous systems. We further investigated whether the complexes would be 
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reactive towards oxidative addition of alkanes i.e. reactions involving C-H 
activation, which may lead to an understanding of mechanistic pathways and 
reaction intermediates. 
5.2.1 Reaction conditions 
In our search for optimum reaction conditions to achieve maximum conversions 
and turnover numbers, the effects of various parameters (solvent, oxidant, 
temperature, reaction time and the catalyst/oxidant/substrate molar ratios) on the 
oxidation of cyclohexane were studied in detail for one particular complex, i.e 
[Ru2(IJ-02CMeh(CO)4(3-Phpyhl (7), which provides better activity for cyclohexane 
oxidation. The conversion of cyclohexane into cyclohexanol and cyclohexanone 
was quantified based on gas chromatographic analysis. The peaks 
corresponding to the products were identified by comparison with authentic 
reference samples. 
1) The choice of solvent 
Acetonitrile has been used more often as the most appropriate solvent in catalytic 
alkane oxidation reactions,4,5 mainly because it is highly resistant to oxidizing 
agents.4a According to Gomes and Antunes,5 the solvent can playa role in the 
stabilization of the catalyst, and in this sense the higher polarity of acetonitrile 
could possibly help in stabilizing polar intermediates in the reaction pathways.1b 
Another reason why acetonitrile has been a solvent of choice is because most 
alkanes and organic products are soluble in this solvent. 4a But, even though 
acetonitrile seems to be the best solvent to carry out alkane oxidation reactions, 
there is one problem encountered when H20 2 is used as the oxidizing agent. If 
the reactions proceed via a mechanism involving hydroxyl radicals, there is 
competition between the alkane and acetonitrile molecules for the active hydroxyl 
radicals generated by H20 2.6a The result is that the active oxidant ends up being 
used in oxidizing the solvent instead of the substrate. Because a substantial 
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amount of oxidant is also lost through the decomposition to O2 and H20,6a H20 2 
then becomes a limiting reagent. In other studies, a mixture of acetonitrile and 
dichloromethane was found to be a suitable solvent mixture. 1b.1c,2a,2c 
Three solvents have been tested in this study, namely: acetonitrile, 
trifluoroethanol and dichloromethane. The complexes are very soluble in 
dichloromethane, but after adding H20 2 , the reaction solutions quickly turn black, 
implying that the catalyst has decomposed. No oxidation products were obtained 
when the reactions were carried out in trifluoroethanol, indicating that it is not a 
good solvent for our systems. Although the solubility of the complexes in 
acetonitrile is not very good, homogeneous solutions were obtained when the 
mixtures were heated above 60 DC. In these cases, oxidation products have been 
obtained, and for that reason acetonitrile was chosen as the solvent in the 
present study. 
2) The choice of oxidant 
Although molecular oxygen is the preferred oxidant for hydrocarbon oxidation 
from an economic and environmental point of view, the use of strong oxidants 
such as hydrogen peroxide, t-butyl hydrogen peroxide, iodosylbenzene, etc,3 has 
increased over the years due to the demand for selective processes and the 
search for milder reaction conditions. However, the use of strong oxidants 
coupled with extreme reaction conditions often results in further oxidation, 
yielding undesirable products. Generally, the use of hydrogen peroxide as an 
oxidant in hydrocarbon oxidations and other catalytic reactions has been limited 
due to the susceptibility of H20 2 to decomposition and dismutation by inorganic 
complexes.6c Despite such limitations, hydrogen peroxide is still the preferred 
oxidant in industry owing to the fact that it is cheap and readily available as well 
as being a clean source of oxygen as it produces only water as the by-
product. 2c,6 Hydrogen peroxide was thus chosen as the preferred oxidant for our 
oxidation reactions. 
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There was a significant difference in terms of conversions observed between the 
experiments carried out under N2 and those that were carried out in air (Table 
5.1, entry 1 and 2), indicating that the presence of O2 is important in order for the 
oxidation reactions to proceed. This is similar to what Maurya and Shul'pin have 
observed in their reactions using vanadium complexes. 4b,6a,7c On the contrary, the 
results obtained by Pombeiro and co-workers using rhenium complexes indicate 
that the oxidation was solely by H20 2 and there was no involvement of O2 in the 
mechanism of oxidation.4a In this study, when the reactions were carried out 
under O2 alone, without H20 2 added, we observed a complete suppression of the 
oxidation reactions. When the oxidation reaction by H20 2 was performed under 
an atmosphere of O2, a slight decrease in the conversions was observed (Table 
5.1, entry 3). These observations suggest a mechanism of oxidation possibly 
involving molecular oxygen. 
3) The effect of catalyst/oxidant/substrate molar ratios 
The effect of the amount of catalyst on the oxidation of cyclohexane was studied 
over a 24 h period at 80 ae. Three different amounts of catalyst (0.25, 0.5 and 
1.0 fJmol) were used in separate experiments, while keeping the amount of 
substrate (2500 fJmol) and H20 2 (5000 fJmol) constant. Blank control experiments 
were also carried out in the absence of catalyst under the same reaction 
conditions, which give rise to predominantly unidentified products and only trace 
amounts of cyclohexanone (0.40%) and no cyclohexanol (Table 5.1, entry 4). 
The reaction with 0.25 fJmol of catalyst yielded unidentified products and only 
trace amounts of cyclohexanone (0.55%) (Table 5.1, entry 5), which implies that 
the catalyst concentration was too low to be effective, and thus the results 
obtained were similar to those obtained from the control experiments. A 
maximum of 5.69% conversion was achieved with 0.5 fJmol of catalyst (Table 
5.1, entry 1). When the catalyst concentration was increased further to 1.0 fJmol, 
the reaction solutions turned black. This observation implies precipitation of a 
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solid resulting from the decomposition of the complexes. The yields obtained In 
this case were very low (Table 5.1, entry 6). 
In a similar study by Antunes and co-workers, conversions around 19% were 
observed using higher concentrations of oxidant and a binuclear Fe(lll) catalyst 
(0.77 M and 1.5x10-3 M, respectively).1b In this study, it is however expected that 
the reactions carried out under dilute concentrations of the catalyst should give 
better results. This is not only because decomposition was not observed under 
dilute conditions, but also because of the low solubility of the complexes in 
acetonitrile. 
Table 5.1 
Results obtained for the oxidation of cyclohexane employing complex 7 as catalyst in acetonitrile, after 24 
hours'" (Cy-OH = cyclohexanol; Cy=O = cyclohexanone) 
Entry Temp. (0C) Catalyst H20 2 C6 H12 Cy-OH Cy=O Total yield 
(t!moll (t!mo!l (t!mo!l (%lb (%t (%ld 
SO 0.5 5000 2500 2A5±0.33 325±002 5.69 
2 SO 0.5 5000/N 2 2500 o 76±002 0.S5±0.04 1.61 
3 SO 0.5 5000102 2500 1.91±0.22 2.S5±0.12 4.76 
4 e SO 5000 2500 OAO±0.04 OAO 
5 SO 0.25 5000 2500 0.55±0.OS 0.55 
6 SO 1.0 5000 2500 0.70±0.03 0.70 
7 SO 0.5 2500 2500 o 14±002 0.14 
S SO 0.5 7500 2500 0.96±0.10 135±006 2.31 
9 20 0.5 5000 2500 
10 50 0.5 5000 2500 0.69±0.03 0.96±0.06 1.65 
a Reaction conditions: As specified in the table for each run. The total volumes were 3 ml and the final 
concentrations were 8.35 x 10 5 , 1.67 x 10.4 and 3.34 x 10 4 M for the catalyst, 0.84, 1.67 and 2.48 M for the 
oxidant and 0.84 M for the substrate. All reactions, except entries 2 and 3, were carried out in air. b (mol of 
cyclohexanol/mol of cyclohexane) x 100, C (mol of cyclohexanone/mol of cyclohexane) x 100, d Total % yield 
= cyclohexanol + cyclohexanone. e In the absence of catalyst, only trace amounts of cyclohexanone were 
observed. All reactions were run in triplicate and the values reported represent the average. 
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The results obtained with different amounts of catalysts (Table 5.1, entries 1, 5 
and 6), and with no catalyst (Table 5.1, entry 4) clearly indicate the involvement 
of the metal complexes in the oxidation of cyclohexane. Based on the 
observations highlighted above, it can be proposed that the interaction of H20 2 
with the metal complexes results in formation of hydroxyl radicals and/or metal-
peroxo species as suggested by Shul'pin. 7 These species play the role of 
abstracting the hydrogen atom from the alkane molecule and initiating the 
radical-chain mechanism. It is further suspected that molecular oxygen might be 
the true oxidant in these reactions, as less oxygenation products were observed 
in the absence of air. This is in accordance with what Maurya and Shul'pin have 
reported in their study using vanadium complexes. 4b,6a,7c There are a number of 
reports claiming that the in situ generated metal-oxo/peroxo species is the actual 
oxidant that finally transfers coordinated oxygen atoms to the substrates to give 
products, but such intermediates are poorly characterized. 4b ,4c Overall, these 
results suggest that two competitive mechanistic pathways may be involved: the 
one possibly involving hydroxyl radicals and/or metal-based oxidant which 
produces mainly the oxidation products, and the other involving side reactions 
(presumably as a result of H20 2 decomposition) which perhaps results into 
formation of unidentified products. 
The effect of H20 2 concentration on the oxidation of cyclohexane was also 
studied for 24 hours at 80 ac. Three reactions containing the following H20 2-to-
cyclohexane molar ratios, namely; 1: 1, 2: 1 and 3: 1, were studied while keeping 
the amount of substrate (2500 I-lmol) and catalyst (0.5 I-lmmol) constant. As the 
concentration of H20 2 was varied (Table 5.1, entries 1, 7 and 8), a dependence 
of the yields of products on H20 2 concentration was observed. It was observed 
that an increase in the H20 2 concentration from 2500 to 5000 I-lmol results in an 
increase in the amount of oxidation products from 0.14 to 5.69 %. When a large 
excess of H20 2 was used (7500 I-lmol), lower activity was observed (Table 5.1, 
entry 8). These results are similar to those reported in a study with vanadium and 
copper complexes. 4b The authors reason that this decrease in conversion 
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observed when the concentration of H20 2 is increased may be due to the low 
resistance of the catalyst to the oxidizing agent, or due to the dilution of the 
reaction mixture by the presence of large amounts of water in H20 2 solution.4b 
The 2: 1 oxidant-to-substrate molar ratio (5000 ~mol of H20i2500 ~mol of 
substrate) thus gives better results as lower catalytic activities are observed upon 
increase or decrease of this ratio. 
4) Effect of temperature 
The effect of temperature on the oxidation of cyclohexane was investigated i.e at 
20, 50 and 80°C, while keeping the other conditions optimized as described in 
previous sections. In contrast to several reports citing efficient oxidation reactions 
carried out at room temperature,4a,6 this study found that higher temperatures 
have a positive effect on the oxidation reactions. No oxidation products (i.e 
cyclohexanol or cyclohexanone) were detected at room temperature (Table 5.1, 
entry 9). Although products were obtained at 50°C, conversions were still low 
(Table 5.1, entry 10). This may be expected as the complexes are not very 
soluble in acetonitrile and even at 50 DC, the catalysts were still not completely in 
solution. Raising the temperature improved the solubility of the catalysts and 
between 60 and 70 DC, homogeneous solutions were obtained. Even though it is 
known that the complexes are stable up to temperatures as high as 200 DC, we 
chose to carry out the reactions at 80°C since very high temperatures are known 
to accelerate the decomposition of H20 2 and any peroxo intermediates which 
might be generated. 4a 
It has been reported that at low temperatures, the predominant products of any 
alkane (RH) oxidation reaction by H20 2 are the corresponding alkyl 
hydroperoxides (ROOH), which slowly decompose during the course of the 
reactions to give more stable ketones/aldehydes and alcohols. 4a ,7 This 
observation has been supported by experimental results from a simple method 
described by Shul'pin et a/,7 in which ROOH was quantitatively reduced to the 
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corresponding alcohols by treatment of the reaction solutions with 
triphenylphosphine (PPh3) for 10-20 minutes before GC analysis. A comparison 
of the chromatograms obtained before and after treatment with PPh3 revealed 
that after treatment of the reaction mixtures with PPh3 , the peaks for the alcohol 
increase significantly while the ones corresponding to the ketone decreases.? 
5) Effect of reaction time 
The conversions and product distribution as a function of reaction time were 
studied at 80 DC. The effect of time was evaluated by analyzing the reaction 
mixture after every two hours up to 8 hours and then after 24 and 48 hours. The 
conversions were observed to increase with increase in reaction time as can be 
seen from Figure 5.1, but after 24 hours the increase was not very significant. It 
was observed that during the first 6 hours of the reaction, cyclohexanol was the 
major product but on increasing the reaction time, cyclohexanone was obtained 
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Figure 5.1: Time course for the formation of products in the oxidation of cyclohexane with H20 2 
catalyzed by complex 7 in acetonitrile at 80 DC. Products: cyclohexanol (.), cyclohexanone (_) 
and total yields (.). Reactions were run in triplicate and the data represent the average. 
112 
Un
ive
rsi
ty 
of 
Ca
pe
 To
wn
Chapter 5 Oxidation catalysis and reactivity studies 
as the major product. Beyond 24 hours, formation of small amounts of 
unidentified products was also detected. This implies that the catalyst efficiency 
slowly decreases with time and longer reaction times could result in lower 
conversion into the desired products. The results obtained by Antunes and co-
workers in a similar study using mononuclear iron(lll) complexes follow the same 
trends. 8 
It was then decided to carry out the reactions for 24 hours as longer reaction 
times could lead to the formation of other products which we have not been able 
to identify. It has also been reported that the oxidants are generally consumed 
completely within 24 hours,8 thus carrying out the reactions for longer than 24 
hours would require repeated additions of H20 2. 
After the above-mentioned conditions were optimized, the catalytic oxidation of 
cyclohexane and octane using a series of model complexes was then studied. 
The catalytic activity of complexes 2, 5, 7, 9, 10, 13 and 14 toward the oxidation 
of cyclohexane and octane was examined in acetonitrile using 30% aqueous 
hydrogen peroxide as oxidant. Acetonitrile solutions (3 ml) containing one of the 
complexes (1.67 x 10-4 M), hydrogen peroxide (1.67 M) and the substrate (0.84 
M), giving a catalystsubstrate:oxidant molar ratio of 1 :5000:10000, were stirred 
at 80 DC for 24 hours. Since it has been demonstrated in this study that molecular 
oxygen plays a positive role in the oxidation reactions, all subsequent reactions 
were performed in air. 
5.2.2 Oxidation of Cyclohexane 
The oxidation of cyclohexane is a particularly important industrial process as the 
products, cyclohexanol and cyclohexanone, are used to produce adipic acid 
which serves as a feedstock for Nylon manufacture. 9 The current industrial 
process takes place at relatively high temperatures of 150-175 °C and pressures 
of 115-175 psi in a homogeneous system using Co catalysts and O2 as 
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oxidant.6b,9 This process yields a mixture of cyclohexanol and cyclohexanone at a 
total conversions of about 3-8%, and selectivities for cyclohexanone between 70 
and 80%.6b,9 Although direct hydrogenation of phenol to give cyclohexanol and 
cyclohexanone gives 99% conversion and excellent selectivity, economic 
parameters still favour the oxidation of cyclohexane.9 
We have observed the formation of cyclohexanol and cyclohexanone from our 
reactions, at total yields ranging from 1.51-5.73% (Table 5.2). In some cases, 
smaller amounts of unidentified products were also detected at high retention 
times. The best results were observed for complex 7 (among those tested), which 
results in up to 2.45 and 328% for cyclohexanol and cyclohexanone, respectively 
and overall TONs of 287 (Table 5.2, entry 3), The total yields were about 3,3% on 
average for all the complexes studied, showing a slight difference among the 
complexes with respect to the catalytic activity, with complexes 2, 10 and 14 
being the least active. The conversions obtained in some of the studies carried 
out under similar conditions were of comparable magnitude,1c,2d,4a,6b,8,10e It is 
reported that cyclohexane oxidation catalyzed by methane monooxygenase 
biomimetic systems, in the presence of H20 2, has very often resulted in low 
conversions. 6b,1o Results obtained by Antunes and co-workers with a binuclear 
Fe(III) complex however, showed improved conversions of up to 19.2% (12.6% 
and 6,6% yields for cyclohexanol and cyclohexanone, respectively).1b 
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Table 5.2 
Results obtained for the oxidation of cyclohexane catalyzed by complexes 2, 5, 7, 9, 10, 13 and 
14 in acetonitrile using H20 2 at SO °Ca 
Entry Catalyst Cyclohexanol (%)5 Cyclohexanone (%)c Total yield (%)a Total TONe 
2 0.26±005 125±003 1.51 76 
2 5 1.39±0.13 1.71±0.15 3.10 155 
3 7 2.45±0.33 3.2S±0.07 5.73 2S7 
4 9 1.91±0.35 2.37±050 4.29 215 
5 10 0.61±0.OS 1.22±0.55 1.S3 92 
6 13 170±006 3.13±0.OS 4.S3 242 
7 14 0.75±0.OS 1.0S±0.09 1.S3 92 
a Reaction conditions: The reactions were carried out for 24 hours in CH3CN at SO °c with a H20 2 : 
substrate: catalyst mole ratio of 10000:5000: 1 and a catalyst concentration of 167x1 0-4 M. b (mol 
of cyclohexanol/mol of cyclohexane) x 100, C (mol of cyclohexanone/mol of cyclohexane) x 100, d 
Total % yield = cyclohexanol + cyclohexanone. e Total turnover number (TON) = moles of 
products/mol of catalyst. All reactions were run in triplicate and the values reported represent the 
average. 
As illustrated by the results presented in Table 5.2, it was observed that the 
conversions to cyclohexanone were always higher than those into cyclohexanol, 
indicating that under these conditions, the catalysts were more selective towards 
cyclohexanone, contrasting several other literature reports which cited 
cyclohexanol to be the major product. 4 ,g Control experiments were conducted 
with cyclohexane and hydrogen peroxide but with no catalyst. Only a small peak 
for cyclohexanone «0.5%) was observed from the chromatograms after stirring 
the solutions at 80°C for 24 hours. In addition to cyclohexanol and 
cyclohexanone, lower yields of cyclohexene, cyclohexane-1,2-diol and adipic 
acid have also been reported in cyclohexane oxidation reactions. 9 The 
predominant product as stated earlier is cyclohexyl hydroperoxide, which is 
produced when strong oxidants such as hydrogen peroxide are used. 3,11 It is 
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suspected that cyclohexyl hydroperoxide could be one of the products which we 
have not been able to identify from our reactions. 
5.2.3 Oxidation of Octane 
The work presented in this thesis forms part of the Paraffins programme within 
the DST-NRF Centre of Excellence in Catalysis (C* Change), which focuses on 
the development of catalytic technologies for the activation and conversions of 
linear alkanes to potential value added products. Bearing this in mind, we have 
investigated the activation and conversions of n-octane. 
The oxidation of octane was carried out under the same reaction conditions 
optimized for cyclohexane. Unlike cyclohexane, the oxidation of linear alkanes, 
such as octane is a much more difficult reaction to effect in a selective way. 
Thus, we find that octane oxidation yields the following products: 1-octanol, 2-
octanol, 3-octanol, octanal, 2-octanone and 3-octanone. All six products were 
identified using authentic reference samples and quantified based on analysis of 
peak areas from the respective chromatograms. All products were formed in very 
small amounts (less than 1 % each), and the average total yields were about 
3.5% for all the complexes studied. In the case of octane, complex 5 exhibits the 
highest activity, giving a total of 4.38% of oxidation products with TONs of 219 
(Table 5.3, entry 2). Complexes 2, 10 and 14 again display considerably lower 
activity as observed in cyclohexane oxidation, turnover numbers were 153, 162 
and 151, respectively (Table 5.3, entries 1, 5 and 7) . 
Despite complex 2 having a Ru-O-Ru bond which is expected to favour its 
reactivity by forming possible active ruthenium peroxo species, it exhibits lower 
activity when compared to the other complexes. We could not observe any 
selectivity profile in relation to any of the products, except that in most cases the 
yields of the oxygenated products at the terminal carbon atom, C-1 (i.e 1-octanol 
and octanal), were slightly lower than those at C-2 and C-3. The lack of 
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selectivity is typical of reactions involving reactive free hydroxyl radicals. 7d The 
results therefore suggest a mechanism involving hydroxyl radicals, OH', 
presumably generated from the interaction of the metal complex with hydrogen 
peroxide. 7 Catalytic activities of these complexes in the oxidation of octane could 
not be compared directly to other systems due to limited reports in the literature 
on studies done under similar conditions. 12 
Table 5.3 
Results obtained for the oxidation of octane catalyzed by complexes 2, 5, 7, 9, 10, 13 and 14 in 
acetonitrile using H20 2 at 80 °C a 
Entry Catalyst 1-0ctanol 2-0ctanol 3-0ctanol Octanal 2-0ctan- 3-0ctan- Total Total 
(%) (%) (%) (%) one(%) one (%) (%)b TONe 
2 0.50±0.O1 0.50±0.03 0.53±0.08 0.42±004 0.50±0.03 o 60±0 02 3.05 153 
2 5 0.68±0.11 0.95±0.17 0.82±0.14 0.50±0.11 0.75±0.17 0.68±0.15 4.38 219 
3 7 0.60±0.02 0.71±0.03 0.62±0.02 0.46±002 0.53±0.08 0.53±0.02 3.43 172 
4 9 o 65±004 o 97±0 06 0.79±0.05 0.41 ±0.02 0.54±0.04 0.54±004 3.90 195 
5 10 0.60±0.03 0.62±003 0.62±0.02 o 39±006 0.47±0.06 o 55±002 3.24 162 
6 13 0.59±O.U..\ 0.57±0.04 0.57±0.O1 0.59±003 0.56±0.03 0.59±0.05 3.47 174 
7 14 0.39±O.O2 o 52±OO"\ o 54±002 0.50±O.OR 0.47±O.19 o 59±006 3.01 151 
a Reaction conditions: The reactions were carried out for 24 hours in CH 3CN at 80°C with a H20 2 : 
substrate: catalyst mole ratio of 10 000:5000:1 and a catalyst concentration of 1.67x10-4 M. The 
yield of each product was calculated as mol of producUmol of octane x 100. b Total % yield = the 
sum of all six products C Total turnover number (TON) = moles of products/mol of catalyst. All 
reactions were run in triplicate and the values reported represent the average. 
Overall, these results suggest that both the oxidations of cyclohexane and octane 
occur via a mechanism involving attack on the C-H bonds of the alkane (Scheme 
5.1). This attack is initiated by free hydroxyl radicals, presumably generated from 
the interaction of the metal complex with hydrogen peroxide, or by the metal-
based oxidant, which could be generated from the oxidation of the metal centers 
by H202 to form the ruthenium peroxo species. Both the hydroxyl radicals and the 
peroxo species could attack alkane substrate molecules by abstraction of the 
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hydrogen atom to generate the alkyl radical, R'. The alkyl radical then reacts 
rapidly with an O2 molecule to form the peroxo radical, ROO'.3 The latter is 
transformed into alkyl hydroperoxides, ROOH by H-atom abstraction from the 
alkane molecule with regeneration of R'. ROOH would then, upon 
reduction/decomposition lead to the alcohol and ketone/aldehyde products.3,4,7 
This mechanism is similar to the "rebound" radical mechanism widely accepted to 
occur in cytochrome P450 enzymes. 10a 
. 
RH R 
ROO· ~ 4 ROOH 
--.... R-OH + R=O 
Scheme 5,1: Schematic representation of the radical-chain oxidation of alkanes initiated by the 
hydroxyl radical attacks on the C-H bond. 1oa 
Though we think that molecular oxygen is the most likely oxidant involved in the 
present catalytic reactions, in the presence of H20 2, the formation of metal alkyl 
peroxo species is reported for various metal complexes, some of which tend to 
be powerful oxidizing species.4b,10a,13 Both the metal-based oxidant and the 
hydroxyl radical have been reported to initiate substrate oxidation by hydrogen 
atom abstraction from the alkane molecule.4 The alkane substrate is then 
converted into an alkyl radical, which, in turn, reacts rapidly with molecular 
oxygen from air, or O2 generated in situ from the decomposition of H20 2 . The 
resulting radical species is then subsequently transformed into the alkyl 
hydroperoxide as outlined in the mechanism shown above. 7d 
In some of the reactions carried out, a colour change of the reaction solution was 
observed during the course of the reaction. For instance, reactions involving 
complex 2, change colour from blue to reddish brown and finally to colourless 
during the first few minutes of the reaction. These changes in colour are most 
probably indicating the oxidation/reduction of the metal centers. Unfortunately, 
these intermediates could not be characterized as it was not possible to recover 
the catalyst after the reactions and reanalyze it. 
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Our results show that the use of H20 2 was not satisfactory for all the catalysts, as 
the highest conversions obtained for cyclohexane was 5.7% for catalyst 7, while 
the other catalysts resulted in conversions generally lower than 4% for both 
cyclohexane and octane. However, these results are comparable to some of 
those obtained in other homogeneous systems reported in the literature. 8 ,1o It has 
been reported that the yields are normally low as a result of the 
disproportionation of H20 2 as a side reaction. 5 The H20 2 is probably degraded in 
the presence of the catalysts during the oxidation reactions. 6b In addition, the 
complexes may decompose in the presence of H20 2 , resulting in deactivation of 
the catalyst. 8 Another factor that might contribute to the low conversions could be 
the low solubility of the catalysts in acetonitrile, and hence only relatively low 
catalyst concentrations were used. In addition to these factors, the supply of 
electrons required for the reduction of molecular oxygen and H20 2 is another 
issue of concerns. There is a series of electron transfer processes involved in the 
catalytic cycle of monooxygenases; it is possible that the supply of sacrificial 
reducing agents, as a substitute for co-factors in enzymes would be essential in 
these biomimetic and bio-inspired studies. Such kind of studies have been briefly 
carried out where zinc powder and glacial acetic acid were used as electron and 
proton donors, respectively.14 
Overall, the dinuclear ruthenium complexes seem to be stable under the 
oxidation conditions used in this study, however they are not active enough for 
efficient catalysis. Since heating for longer periods did not result in improved 
turnover numbers, this suggests that the oxidation activities may be limited by 
buildup of decomposition products of hydrogen peroxide. The reduced yields may 
also be due to the consumption of hydrogen peroxide. The yields are however 
comparable to those obtained with some other complexes under fairly similar 
conditions. So, in principle, the present system is at least of comparable 
simplicity and efficiency to other systems previously published6b and more 
importantly, the reactions were carried out under relatively mild conditions, which 
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is a great advantage in relation to the current industrial process for cyclohexane 
oxidation.8 
5.3 REACTIVITY STUDIES 
Despite the expectation that the carboxylate-bridged tetracarbonyl Ru(l) dimers 
could be good starting materials for other Ru(l) complexes,15 reports concerning 
their reactivity patterns are limited. The very mild conditions (40°C) required by 
the reactions of ruthenium dicarbonyl polymers with a variety of two-electron 
donor ligands preclude the possibility of incorporating other functionalities into the 
resulting dimers. 15 This, together with the high stability of the Ru(l) dimers, is 
responsible for limited reports concerning stoichiometric reactions of these 
compounds. 
Pentacarbonyl derivatives of these compounds are few in number.15 The most 
common ones are the mono-aqua complexes, i.e [RU2(IJ-02CR)2(CO)5(L)] where 
L = H20.16a These were obtained as stable solids from the reaction of RU3(CO)12 
with aromatic carboxylic acids, along with [RU(02CR)(COhh and [RU2(1J-
02CR)2(CO)4(RC02hJ. and were purified by column chromatography.16a The 
pyridine analogues were also obtained upon ligand exchange reactions. 16a Other 
pentacarbonyl derivatives were reported to be generated from the reaction of 
cluster-based species with carbon monoxide, e.g [Ru2(IJ-02CCH3h(CO)5(PBu3)] 
is obtained from the reaction of [Ru4(02CCH3)4(CO)8(PBu3h] with carbon 
monoxide under very low CO pressures. 16b 
The most common reactions reported for the tetracarbonyl diruthenium 
compounds are (i) substitution of axial ligands and (ii) substitution of the bridging 
ligands. 15 Oxidative addition of halogens has only been reported for 
hexacarbonyl complexes containing bridging N-donor ligands, namely, [RU2(1J-
dan)(CO)6] (where dan = 1 ,8-diaminonaphthalene) 17 and [RU2(IJ-pzMe2)2(CO)6] 
(where pzMe2 = 3,5-dimethylpyrazole).18 Both reactions yield halogen-bridged 
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binuclear Ru(ll) complexes. The low reactivity of the tetracarbonyl dimers 
prevents the formation of products resulting from further CO ligand 
substitution.16b Hence, substitution of the carbonyl ligands is not a common 
reaction for the tetracarbonyl diruthenium complexes, and compounds containing 
fewer than four CO ligands are rare. 15 A few that are known have been prepared 
by reaction of hexa-17 or tetracarbonyl19 complexes with trimethylphosphite, or by 
reaction of tetracarbonyl complexes with diphosphines at high temperatures. 20 
The reactivity of binuclear Ru(l) complexes could also be achieved through the 
activation of the Ru-Ru bond. The influence of axial and bridging ligands on the 
length of the Ru-Ru single bond in dinuclear carbonyl complexes of the type 
[RU2(IJ-02CR)2(CO)4L2] was evaluated in a study done by Shiu et al. 21a It is clear 
from X-ray crystallographic studies of various ruthenium 'sawhorse-type' 
complexes, that the axial ligand is the most influential in determining the length of 
the Ru-Ru single bond, and the R group of the bridging carboxylate is only 
responsible for a mild inductive effect. 21a For example, the Ru-Ru distance is 
2.678 A in [RU2(/l-02CMeh(CO)4(PyhL21a which is close to that in the benzoate 
analogue (2.681 A).21b On the other hand, a strong axial coordination effect is 
obvious when comparing compounds with the same bridging ligand but different 
axial ligands (Table 5.4). For instance, the Ru-Ru bond length is 2.678 A and 
2.736 A in [RU2(/l-02CMeh(CO)4(Pyh] and [Ru2(/l-02CMeh(CO)4(PPh3)2], 
respectively. When the axial ligand is a strong n-acceptor such as CO, electron 
transfer from the filled M-M antibonding orbitals to the CO n* orbitals strengthens 
the M-M bonding interactions by increasing the M-M bond order.21a However, 
when the axial ligands are strong 0-donors such as py, PPh3, etc, the M-M bond 
order decreases by bonding interactions through the M-M antibonding orbitals.21a 
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Table 5.4: 
Comparison of the Ru-Ru bond length in various ruthenium 'sawhorse' complexes of the type 
[Ru2(fl-02CRh(CO)4(Lhl 
R L Ru-Ru (A) Reference 
Me py 2.678 21a 
Ph py 2.681 21b 
CF3 py 2.712 21c 
Me PPh3 2.736 21a 
Ph PPh3 2.741 21a 
CF3 PPh3 2.728 21a 
Me CO 2.689 21a 
Ph CO 2.704 21a 
5.3.1 Electrochemistry 
Multielectron redox processes in transition metal complexes are of considerable 
interests as some polynuclear complexes, such as the trinuclear ruthenium 
complex [Ru3(1-l3-0)(I-l-CH3C02)6(mbp/ht+ (mbp/ = N-methyl-4,4'-bipyridinium 
ion), act as versatile electrocatalysts. 22a From a biological point of view, the 
electron-transfer processes in metal complexes are very significant considering 
their relevance to the electron transfer behaviour of dioxygen binding proteins 
such as methane monooxygenase and hemerythrin. 22b Only one electrochemical 
study has been reported for dinuclear ruthenium 'sawhorse-type' complexes, 
namely the oxidation of the ferrocenyl-substituted complexes. 22c One general 
observation in binuclear complexes is that when there is insignificant interaction 
between the metal centers, simultaneous oxidation of the metal ions could take 
place at the same potential, leading to a single-step two-electron transfer 
processnd 
The electron transfer behaviour of representative complexes have been studied 
by cyclic voltammetry. The cyclic voltammograms are shown in Figure 5.2, and 
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the oxidation potentials are given in Table 5.5. Cyclic voltammograms of 4, 5, 6, 
8, 12 and 14 in dichloromethane show a single irreversible oxidation wave in the 
range +0.34 to +0.62 V versus the Fc/Fc+ reference, which is assigned to the 
RU'2/Ru'Ru" oxidation process. The overall appearance of all the cyclic 
voltammograms is similar, except that the two 4-phenylpyridine complexes, 14 
and 8, exhibit rather broader waves (Fig. 5.2 A and B). Comparison with 
equimolar concentrations of ferrocene indicated that only one electron was 
transferred in this oxidation process. This electrochemical behaviour is similar to 
the redox properties of structurally analogous compounds containing ferrocenyl 
substituents e.g [RU2(1-!2-1l-00CFc)2(CO)4(Pyh] and [Ru2(1-!2-112 -OOCFch(COk 
(NC5H4-OOCFch] (refer to chapter 3, Fig. 3.9 for structures), which also undergo 
a one-electron irreversible oxidation of the diruthenium core. 22c The potentials 
observed in this study are somewhat less positive than the corresponding 
irreversible wave of the ferrocenyl-substituted pyridyl complexes, which are 
reported in the +0.59 to +0.86 V range. 22C A comparison of the potentials also 
indicates that the acetate-bridged complexes are more easily oxidized than the 
benzoate analogues. This is expected from consideration of the basicity of the 
ligands, since the acetate ligand carries a higher electron density than the 
benzoate ligand (Ka = 1.8 x 10-5 for acetic acid versus 6.3 x 10-5 for benzoic acid). 
By comparing the oxidation potentials of the six complexes, it is apparent that the 
RU'2 center of the 1-methylimidazole complex is oxidized at a potential markedly 
lower (+0.34 V) than that of the five pyridine complexes. This is in agreement 
with the donor ability of these ligands: from the evaluation of the base strengths 
of the various N-donor ligands, 1-methylimidazole is a stronger base as 
compared to the pyridine derivatives. For example, the pKa for the conjugate acid 
of 1-methylimidazole is 7.3 while that of the pyridine conjugate acid is 5.2. This 
implies that 1-methylimidazole increases the electron density on the metal center 
and thus facilitates the removal of the electron from the [RU2(02CR)2] core. The 
variation of the redox potential of the RU2 center as a function of the various 
pyridine derivatives is small, implying that the base strengths of these substituted 
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pyridines are relatively similar. Increasing or decreasing the scan rate did not 
result in any significant change in the potentials. 
Table 5.5 
Summary of cyclic voltammetric data a 
Compound EpaN 
[Ru2(IJ-02CPh)2(CO)4(4-Phpyh] (14) +0.62 b 
[RU2(IJ-02CMe )2(CO)4( 4-Phpyh] (8) +0.57 b 
[Ru2(IJ-02CPh)2(CO)4(pyh] (12) +0.56 
[RU2(IJ-02CMe )2(CO)4(PY)2] (4) +0.52 
[RU2(IJ-02CMe)2(CO)4(3-Mepyh] (6) +0.51 
[RU2(IJ-02CMe )2(CO )4( 1-Mel m h] (5) +0.34 
a Cyclic voltammograms were recorded at ambient temperature with a scan rate of 100 mV S-1 
using a platinum disc electrode and ca 2 mM dichloromethane solutions containing 0 1 M [n-
BU4N][CI04l as the background electrolyte. The potentials are given relative to the E1/2 value of 
the ferrocene/ferrocenium reference. b Broad wave 
Even though an irreversible two-electron transfer process is known to take place 
in some binuclear complexes,22d we have shown by comparison with equimolar 
solutions of ferrocene, that in these compounds only one electron is lost. This 
seems reasonable as it is anticipated that there must be significant electronic 
interaction between the two metal ions. As a result, the oxidation of one Ru 
center strongly affects the electronic environment of the other Ru center, making 
it energetically difficult for any subsequent electron removal. Even when the 
scanning was extended to higher potentials, no further oxidation waves were 
observed prior to reaching the limit of the solvent/electrolyte window. 
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Figure 5.2: Cyclic voltammograms of 14 (A), 8 (B), 12 (C), 4 (0),6 (E) and 5 (F) as recorded at 100 mV S-1 
scan rate on a platinum disc electrode for ca. 2 mM analyte solutions in dichloromethane containing 0.1 M 
[n-Bu4N][CI04J as background electrolyte. The potentials in this Figure are given relative to the Ag/Ag+ 
reference electrode, which gave an E1I2 value of +0.20 V for the ferrocene/ferrocenium couple under the 
conditions used (see Experimental). 
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5.3.2 Attempted Oxidative Addition Reactions 
The oxidative addition of an alkane molecule to a transition metal complex is one 
of the most difficult reaction to perform as it depends on the relative strengths of 
the R-H and the M-R bonds (M = metal and R = alkyl).23 The C-H bonds of 
alkanes are very strong compared to the M-C bonds. This explains why oxidative 
addition reactions of alkanes to metal complexes are less feasible than the 
oxidative addition of an alkyl halide for example. In addition to the strength of the 
C-H bonds, carbonyl complexes are usually difficult to oxidize, since oxidative 
addition requires a low-valent, electron-rich transition metal center,24 while on the 
other hand most carbonyl complexes are generally less nucleophilic. Carbonyl 
ligands are good n-acceptors i.e there is a strong pi-backbonding interaction from 
the filled metal d-orbitals to the CO n* orbitals, which strengthens the M-M 
bonding interaction. This interaction results in a decrease in electron density at 
the metal center which renders the complexes less reactive towards oxidative 
addition. 
Having obtained promising results in the oxidation reactions, we then focused our 
efforts on establishing the nature of the possible catalytic active species and 
reactive intermediates responsible for the hydroxylation of cyclohexane and 
octane. We first carried out thermal and photochemical experiments with 
complexes 4 and 5 in neat cyclohexane (bp 80-81 DC), octane (bp 125-126 DC) 
and decane (bp 174 DC), considering the temperature effect on the activation of 
C-H bonds. The solutions were refluxed for -48 hours for the thermal reactions, 
while the photochemical reactions were carried out for -28 hours at room 
temperature. The reactions were carried out under N2 or in air, in view of the 
possible role of molecular oxygen in the oxidation of cyclohexane and octane as 
described in the previous section. Based on the three mechanistic pathways 
discussed in section 5.2, we have anticipated some possible reaction pathways 
which the thermal and photochemical reactions under consideration could 
undergo (Scheme 5.2). 
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Scheme 5.2: Some possible reaction pathways for the thermal and photochemical reactions of 
[Ru2(IJ-02CMe)(CO)4(Lhl with alkanes involving C-H activation. 
Oxidative addition of R-H across the metal centres as a result of loss of CO 
ligands or cleavage of the Ru-Ru bond may take place, resulting in an increase 
in the metal oxidation state. This may result in either both metal centres being 
oxidized from Ru(l) to Ru(ll) (intermediate I), or a single metal center being 
oxidized to Ru(lIl) (intermediate II), or both metal centres going from Ru(l) to 
Ru(llI) oxidation state (intermediate III). These intermediates may undergo CO 
insertion into the Ru-R bond to give acyl derivatives which upon reductive 
elimination could yield the oxygenated products. Once the oxidative addition has 
taken place, the electron density at the metal centres would be reduced and CO 
stretching frequencies would be expected to shift to slightly higher frequencies. 
This type of oxidative addition reaction has been observed in a sulphur-bridged 
diruthenium complex, [RU2(~-S2C3H6)(CO)4(PCY3)2], whereby the photoaddition of 
H2 and HCI was accompanied by dissociation of the CO ligand and cleavage of 
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the Ru-Ru bond (Scheme 5.3).25 In these reactions, the signals for the bridging 
and the terminal hydrides were observed in the 1 H NMR spectra. 25 
r1 
l;,S 
CYP,,,- Jr ~ / PCY3 
OC
...----Ru--Ru _____ 
/ \ co 
OC co 
hv
HC1
/ / 
HCI, -H2 
Scheme 5.3: UV-photolysis of toluene solutions of [RU2(IJ-S2C3H6)(CO)4(PCY3hl results in 
oxidative addition of dihydrogen and HCI. 25 
Attempts to detect any intermediates/products derived from the thermal and 
photochemical reactions of the dinuclear Ru(l) complexes with alkanes in the 
present study were unsuccessful. No infrared spectral changes were observed in 
the u(CO) region when the reactions were carried out with cyclohexane (80 DC) 
and with octane (125 DC), whereas raising the temperature to 174 DC using 
decane only resulted in decomposition of the complexes. The 1 H NMR spectra 
also only showed the signals for the starting material and no peaks were 
observed which could correspond to ruthenium alkyl or hydride species. This is 
indication that we were not able to activate the C-H bond of alkanes and 
oxidatively add the alkyl and hydride fragments to the metal centres. In all 
reactions, the starting material was recovered, except in the case of decane 
where decomposition was observed. Bianchi and co-workers have reported that 
the intermetallic bond in a similar phosphine-substituted diruthenium carbonyl 
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complex, i.e [RU2(CO)4(02CCH3h(PBu3)2] could only be broken at higher 
temperatures (>150 DC), to give a mononuclear species, RU(CO)2(02CCH3h-
(PBU3h.16b This may well explain why we have not succeeded in breaking the 
Ru-Ru bond by using either cyclohexane or octane. We have also not managed 
to eliminate the CO ligand/s with either cyclohexane or octane. 
Following our unsuccessful attempts to activate C-H bonds of alkanes by 
thermal and photochemical means, we then investigated oxidative addition 
reactions of one of the diruthenium complex with methyl iodide (Mel). A mixture 
of complex 4 and 1 mole equivalent of Mel was refluxed for prolonged periods in 
acetonitrile, dichloromethane or tetrahydrofuran (THF) as solvent. The same 
reaction was repeated using excess Mel in acetonitrile, and also in neat Mel. We 
were expecting to observe some reactions with Mel, given that it is more reactive 
in oxidative addition reactions. 26 Regrettably, no reaction was observed in all 
cases and the starting material was recovered. 
Our final attempt was to use trimethylamine oxide (Me3NO) as a decarbonylating 
reagent. Me3NO has been used in oxidative decarbonylation reactions under mild 
conditions, to remove carbonyl ligands bonded to the metal centre and replace 
them with donor ligands such as acetonitrile. 27 It has been observed that only 
metal carbonyl ligands with CO stretching frequencies above 2000 cm-1 were 
susceptible to oxidative decarbonylation using Me3NO.27 We anticipated this rule 
of thumb could work for our complexes as in all of our complexes there is at least 
one u(CO) band which is above 2000 cm-1. If one or more CO ligand is removed, 
we would expect a substitution reaction with the N-donor ligands to occur in order 
to stabilize the complexes. This should consequently result in observable 
changes in the CO region of the IR spectrum. Attempts to prepare [RU2(jJ-
02CCH3)2(COh(Lh] (where L = pyridine or 1-methylimidazole) through 
decarbonylation using Me3NO.2H20 were unsuccessful. The final product 
isolated after prolonged periods of refluxing a mixture of [RU2(jJ-
02CCH3)2(CO)4(L)2] and 1 mole equivalent of Me3NO.2H20 plus a few drops of 
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pyridine or 1-methylimidazole, proved to be the starting material by IR 
spectroscopy. 
From these observations, we see no evidence for type I reactions which results in 
formation of metal-alkyl and hydride species as stated in section 5.2 (equations 
5.1 and 5.2), and hence we propose that the catalytic reactions observed in this 
study belong to the second or/and third type (equations 5.3, 5.4 and 5.5). We 
therefore suggest a mechanism similar to the one reported by Shul'pin and co-
workers in which the substrate oxidation starts with the abstraction of a hydrogen 
atom from the alkane either by an activated peroxoruthenium species or by the 
hydroxyl radicals. 7 The alkyl radicals formed then react with dioxygen to 
presumably generate the corresponding alkyl hydroperoxide, which subsequently 
decomposes to produce the ketone/aldehyde and alcohol products. Alternatively, 
if the peroxoruthenium species is generated, it could act as an active oxidant, 
and therefore the oxidation of the alkyl fragment could possibly be achieved 
without requiring O2 . Our unsuccessful efforts to isolate metal-alkyl species also 
supports the idea that the active species involved could be a ruthenium 
oxo/peroxo species. This mechanism where metal peroxo species behave as 
active oxidants has been suggested in similar studies, and supported by some 
experimental evidence.4.10a,13 The mechanism involving the abstraction of a 
hydrogen atom from the hydrocarbon as an initial step toward substrate oxidation 
has been proposed in similar studies using porphyrin systems2,3 and several 
other ruthenium oxo/peroxo species. 10a 
The results obtained from the oxidation reactions demonstrate that the binuclear 
Ru(l) complexes catalyze alkane oxidations albeit in low yields. Due to their high 
stability, it is perhaps not surprising that these complexes did not undergo 
oxidative addition, especially in cases where hydrocarbons were used as 
substrates. Since we have not been able to detect any possible reactive species 
or intermediates from the reactivity studies, we are unable to propose a reactive 
metal species responsible for the observed alkane oxidation chemistry exhibited 
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by these complexes. Future work is therefore required to assess the nature of the 
catalytic active species. It might also be possible to monitor the reactions by IR 
and NMR spectroscopy, in order to assess the stability of the catalysts under 
oxidizing conditions. Further study could also include isotopically labelled 
experiments with 180-labeled H20 2 or O2 , to identify the source of the oxygen 
incorporated into the oxygenated products. Computational chemistry could also 
be applied to these types of compounds in order to deduce possible reaction 
pathways/mechanisms. 
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CONCLUSIONS AND FUTURE WORK 
A comprehensive literature review of the diiron monooxygenases and their 
synthetic diiron and diruthenium model complexes has been carried out. A series 
of diruthenium complexes (2, 4-10 and 12-16) have been successfully 
synthesized and characterized by IR, 1 Hand 13C NMR spectroscopy and 
elemental analysis. Nine new binuclear ruthenium 'sawhorse' complexes of the 
type, [RU2(IJ-02CR)2(CO)4(L)2] have been synthesized and some of these were 
also characterized by mass spectrometry. Compounds 4-9 and 12-14 were found 
to be stable even at temperatures as high as 200 cC. For future work, attempts 
could be made to obtain single crystals suitable for X-ray crystallography for the 
new compounds. The synthesis and reactivity studies of complexes with stronger 
electron donor ligands such as PR3 should also be attempted, as phosphine 
ligands have been reported to influence the strength of the M-M bond and thus 
could improve the reactivity of the compounds. 
Cyclic voltammetry of selected complexes in dichloromethane revealed a one-
electron irreversible oxidation process in the range from +0.34 to +0.62 V, which 
corresponds to the RU I2/RuIRu" oxidation process. Selected complexes have 
been investigated as catalysts or catalyst precursors in the oxidation of 
cyclohexane and octane under mild conditions using H20 2 as oxidant. The 
oxidation was found to be highly temperature and solvent dependent. The 
presence of molecular oxygen was found to be important for the reactions to 
proceed. The catalytic activities were found to be highly influenced by the 
concentration of the catalyst and the concentration of H20 2. An inhibitory effect 
was observed when the catalyst concentration was increased to 1.0 IJmol, 
presumably due to destruction of the catalyst by the oxidant. The conversions 
were also found to be negligible when the concentration of H20 2 was less than 
that of the substrate. 
136 
Un
ive
rsi
ty 
of 
Ca
p
 To
wn
Chapter 6 Conclusions and future work 
The catalytic activities exhibited by these complexes were generally low, 
probably due to hydrogen peroxide dismutation or the deactivation of the 
catalysts under reaction conditions. However, the percentage conversion for 
cyclohexane obtained using catalyst 7 was somewhat higher than that observed 
with other catalysts. Complex 7 has thus been shown to be a reasonable to good 
catalyst for the oxidation of cyclohexane with ca. 6% conversions. The analogous 
experiments for the oxidation of octane gives low yields (less than 4%) of 
oxygenated products. 
The reactivity studies carried out did not yield information on the possible 
reaction mechanisms of the compounds. The results obtained in the oxidation 
reactions however suggest that two competitive mechanistic pathways could be 
involved, namely: the one possibly involving hydroxyl radicals and/or metal-based 
oxidant which produces mainly the oxidation products and the other involving 
side reactions (presumably as a result of H20 2 decomposition) which give rise to 
the unidentified products. Based on our results, the pathway involving free 
hydroxyl radicals may be more feasible due to lack of bond selectivities observed 
in the case of octane oxidation reactions. Nevertheless, we cannot rule out the 
possible involvement of some oxo/peroxo complexes because metal oxo/peroxo 
moieties have been reported to be active oxidizing species. It was found in this 
study as well as in other studies that molecular oxygen does have a promoting 
effect on the oxidation, and therefore should playa role in the mechanism. 
We have not been able to identify any catalytic active species under the reaction 
conditions employed in this study. A thorough investigation into the mechanism of 
the oxidation reactions should therefore be carried out through both experimental 
methods, such as isotopic labeling studies, as well as computational methods. 
This might make it possible to identify and spectroscopically characterize the 
reactive intermediate(s) responsible for this chemistry. Since the percentage 
conversions observed with H20 2 were low, it would be worthwhile to examine the 
effect of alternative oxidants such as ButOOH, since ButOOH has been shown to 
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be a more active oxidant than H20 2 in some systems. The demand for reducing 
equivalents (for the supply of electrons) is also another critical issue which 
requires consideration. It would also be worthwhile in future studies to consider 
the efficiency of the catalysts in terms of turnover frequencies (turnover per hour) 
and also investigate the possibility of recovering and reusing the catalysts. 
Even though the diruthenium complexes seem to be stable under oxidation 
conditions used in this study, and have shown activity under relatively mild 
conditions, they were not reactive enough for efficient catalysis. The ideal 
catalysts need to reach a balance for being stable enough to withstand harsh 
oxidizing conditions and at the same time be sufficiently reactive to promote rapid 
reactions. Such a catalyst must also be efficient and robust to yield high turnover 
numbers. We do not recommend that biomimetic and bio-inspired studies should 
be limited to metals that occur in biological systems such as iron, but the 
importance of these metals in biomolecules should not be undermined. 
Overall, the present work shows that the diruthenium carboxylate-bridged 
complexes exhibit limited catalytic activities under the oxidizing conditions 
applied, most probably due to H20 2 decomposition or consumption during the 
course of the oxidation reactions. While these oxidation reaction studies give 
important results in a sense that oxygenated products were obtained (particularly 
for cyclohexane oxidation); the yields, selectivities and rates are still far low. More 
work is required to optimize the catalytic efficiency of these systems. Further 
work in determining the optimal ligands and metal centers for these bio-inspired 
reactions will no doubt assist in this regard. The results however, contribute to 
the search for solutions to an important and complex challenge of C-H activation 
and alkane conversion. 
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EXPERIMENTAL DETAILS 
7.1 GENERAL EXPERIMENTAL PROCEDURES 
All manipulations were performed under an inert atmosphere of dinitrogen using 
standard Schlenk techniques, except where stated otherwise. 
7.2 SOLVENTS AND REAGENTS 
All chemicals were purchased from Sigma-Aldrich. Reaction solvents were 
analytical grade and were dried and distilled where necessary under a nitrogen 
atmosphere from the appropriate drying agents. Acetonitrile and dichloromethane 
were dried over calcium hydride (CaH2). Diethyl ether, benzene, tetrahydrofuran 
(THF), toluene and hexane were dried over sodium wire with benzophenone. 
Cyclohexane, octane and decane were purchased in sealed containers and were 
transferred under nitrogen (where necessary) using glass syringes. All solvents, 
reagents and standards used for GC studies were HPLC grade and were used 
without further purification. 
7.3 INSTRUMENTATION 
Melting points and decomposition temperatures were determined on a Kofler 
hotstage microscope (Reichert Thermovar). Infrared spectra were recorded on a 
Perkin-Elmer Paragon 1000 FT-IR spectrometer with solution samples prepared 
in solution cells with NaCI plates, and as KBr disks for solid samples. The 1H 
NMR were recorded on either a Varian Mercury 300 MHz spectrometer or a 
Varian Unity 400 MHz spectrometer at room temperature, and the chemical shifts 
were referenced internally to residual proton impurities in the de ute rated solvent 
(CDCI3 : 0 = 7.27 ppm) and values are reported relative to TMS (0 = 0.00 ppm). 
13C NMR spectra were recorded using the same instruments operating at 75 and 
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100 MHz, respectively and were referenced internally to the solvent resonance 
(COCI3: 0 = 77.00 ppm) and are reported relative to TMS (0 = 0.00 ppm). 
Elemental analyses were obtained using the Thermo Flash 1112 Series CHNS-O 
Analyzer. Thermal gravimetric analysis (TGA) traces were recorded on a Perkin-
Elmer PC Series 7 instrument with a heating rate of 10 °C.min-1. Mass spectra 
were recorded at the University of Witwatersrand. Fast atom bombardment (FAB) 
measurements were done on a VG70SE machine with a xenon atom gun 
operating at 8 kV and using 3-nitrobenzylalcohol matrix, while Electrospray 
Ionisation (ESI) was obtained on a Thermo OFS. Analysis of organic products 
were performed on a Varian 3900 Gas chromatograph equipped with a flame 
ionization detector (FlO) and a 30 m x 0.32 mm CP-Wax 52 CB column (0.25 IJm 
film thickness). The carrier gas used was helium at 5.0 psi. The oven was 
programmed to hold at 32°C for 4 minutes and then to ramp to 200°C at 10 
DC/min and then hold for 5 minutes. 
7.4 SYNTHESIS AND CHARACTERIZATION OF COMPOUNDS 
7.4.1 Synthesis of [Fe2(AcO)s(IJ-OH2)(pyhlE4N (1) 
This compound was synthesized according to the literature procedure. 1 
Tetraethyl-ammonium acetate tetrahydrate (0.399 g, 1.527 mmol) was added to a 
solution of ferrous acetate (0.520 g, 2.990 mmol) in pyridine (25 ml). After 
standing for 2 hours, the solution was filtered and diethyl ether (150 ml) was 
added to the filtrate to induce precipitation. Upon standing, crystals of the 
[Fe2(AcO)5(IJ-OH2)(pY)2]Et4N complex were formed. The mixture was filtered and 
the product was isolated as a golden brown microcrystalline compound (0.615 g, 
58%). Ymaxlcm-1 (KBr): 2990w, 1628w, 1567vs, 1488w, 1439sh, 1416vs, 1349w, 
1885sh, 1174m, 1026w, 1003m, 927w, 787s, 667s, 618w, 553w, 497w; (lit. 
2982m, 1620vs, 1577vs, 1567vs, 1446vs, 1416s, 1037m, 1009m, 795w, 705s, 
656m, 615m, 420s br).1b 
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This complex was synthesized according to the literature procedure.2 
RuCb.3H20 (0.505 g, 1.939 mmol) was dissolved in a mixture of solvents made 
up of water (60 ml), glacial acetic acid (40 ml) and ethanol (20 ml). This solution 
was heated at 70°C for 10 minutes, during which time the colour changed from 
brown to red. The solution was then treated with pyridine (3 ml) and refluxed for a 
further 1 hour. The now deep blue solution was then cooled to room temperature 
before NH4PF6 (2.005 g, 12.300 mmol) was added. The solution was reduced to 
ca. 20 ml on a rotary evaporator and water (20 ml) was added to the mixture. The 
mixture was then kept in the refrigerator (4°C) overnight. The resulting blue 
crystals were collected and washed with water several times. The solid was 
dissolved in small amount of CH3CN (3 ml) containing a few drops of pyridine. 
This solution was kept at 80°C for 20 minutes and then kept in the refrigerator (4 
DC) after the addition of more water (30 ml). The resulting crystalline product was 
collected and was washed with three portions (5 ml) of water. Finally the crystals 
were recrystallized from hot CH2CI2, and dried under vacuum to yield dark blue 
shiny crystals (0.874 g, 85%). Anal. Calcd for RU205N6C34H36 P2F12 (M 1100.75): 
C, 37.10; H, 3.30; N, 7.63. Found: C, 37.03; H, 3.24; N, 7.80%; \'max/cm-1 (KBr): 
1605s, 1533w, 1487w, 1449s, 1424w, 1408w. 
7.4.3 Synthesis of [RU(~-02CMe)(COh]n (3) 
The compound was synthesized according to the literature procedure.3 
Dodecacarbonyltriruthenium, RU3(CO)12 (1.020 g, 1.596 mmol) was added to 
glacial acetic acid (15 ml) and the resulting orange solution was refluxed for 12 
hours. During the first 30 minutes of refluxing, the solution changed in colour from 
orange to reddish and then back to orange. The reaction mixture became more 
viscous as the product precipitated during the progress of the reaction. The 
orange precipitate was filtered off under vacuum, washed with glacial acetic acid 
(2 x 5 ml) and diethyl ether (3 x 10 ml), and dried under vacuum. The product 
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was obtained as a very fine orange powder (1.002 g, 97%), and was insoluble in 
common organic solvents. Anal. Calcd for RU04C4H3: C, 22.23; H, 1.40. Found: 
C, 22.50; H, 1.29%. For infrared spectroscopic data, refer to chapter 4, Table 4.3. 
The synthesis of this compound followed the reported procedure.3,4 Pyridine (1.5 
ml, 18.622 mmol) was added to a suspension of [RU(I-l-02CMe)(CO)2]n (0.151 g, 
0.699 mmol) in diethyl ether (10 ml). The mixture was heated under reflux for 3 
hours during which time it changes from an orange to a yellow colour. This yellow 
suspension was filtered, and the precipitate was washed with diethyl ether. The 
yellow solid was recrystallized from a mixture of dichloromethane and hexane 
and dried under vacuum to yield the final product as a yellow powder (0.183 g, 
89%). Td 200-205 DC; Anal. Calcd for RU20sN2C1SH16 (M 590.47): C, 36.61; H, 
2.73; N, 4.74. Found: C, 36.07; H, 2.61; N, 4.68%. For infrared, 1H and 13C NMR 
spectroscopic data, refer to chapter 4, Tables 4.3-4.5. 
This new compound was synthesized from [RU(I-l-02CMe)(COb]n (0.152 g, 0.703 
mmol) by a procedure analogous to that described in 7.4.4, with 1-
methylimidazole (1.5 ml, 18.816 mmol) in place of pyridine. The yellow powder 
obtained was recrystallized from a mixture of dichloromethane and hexane and 
dried under vacuum to yield the final product as a yellow powder (0.190 g, 90%). 
Td 230-235 DC; Anal. Calcd for RU20sN4C16H1S (M 596.48): C, 32.22; H, 3.04; N, 
9.39. Found: C, 32.12; H, 2.89; N, 9.24%. For infrared, 1 Hand 13C NMR and 
mass spectral data, refer to chapter 4, Tables 4.3-4.6. 
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7.4.6 Synthesis of [RU2(J,J-02CMe h(CO)4(3-Mepyh1 (6) 
The compound was synthesized from [RU(I-l-02CMe)(COh]n (0.150 g, 0.694 
mmol) by a procedure analogous to that described in 7.4.4, with 3-methylpyridine 
(1.5 ml, 15.462 mmol) in place of pyridine. The resulting product was 
recrystallized from a mixture of dichloromethane and hexane and dried under 
vacuum to yield the final product as a bright yellow powder (0.175 g, 81 %). Td 
214-217 °C; Anal. Calcd for RU20sN2C20H20 (M 618.52): C, 38.84; H, 3.26; N, 
4.53. Found: C, 38.60; H, 3.15; N, 4.31%. For infrared, 1H and 13C NMR 
spectroscopic data, refer to chapter 4, Tables 4.3-4.5. 
This new compound was synthesized from [RU(I-l-02CMe)(CO)2]n (0.150 g, 0.694 
mmol) by a procedure analogous to that described in 7.4.4, with 3-phenylpyridine 
(1.5 ml, 10.525 mmol) in place of pyridine. The resulting product was 
recrystallized from a mixture of dichloromethane and hexane and dried under 
vacuum to yield the final product as a yellow fluffy powder (0.214 g, 83%). Td 
213-216 °C; Anal. Calcd for RU20sN2C30H24 (M 742.66): C, 48.52; H, 3.26; N, 
3.77. Found: C, 48.40; H, 3.13; N, 3.52%. For infrared, 1H and 13C NMR and 
mass spectral data, refer to chapter 4, Tables 4.3-4.6. 
This new compound was also prepared in a manner similar to that described in 
7.4.4, but using a slightly modified procedure. A solution of 4-phenylpyridine 
(0.176 g, 1.134 mmol) in diethyl ether (8 ml) was added to a suspension of [Ru(l-l-
02CCH3)(CO)2]n (0.150 g, 0.694 mmol) in diethyl ether (10 ml). The orange 
suspension was refluxed for 24 hours. The powdery precipitate was too fine for 
filtration. The supernatant solvent was decanted and the precipitate was washed 
with diethyl ether. The solid was recrystallized from a mixture of dichloromethane 
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and hexane and dried under vacuum to yield the final product as yellow 
crystalline needles (0.212 g, 82%). Td 240-245 DC; Anal. Calcd for 
RU20sN2C30H24 (M 742.66): C, 48.52; H, 3.26; N, 3.77. Found: C, 48.23; H, 3.28; 
N, 3.47%. For infrared, 1 Hand 13C NMR and mass spectral data, refer to chapter 
4, Tables 4.3-4.6. 
This new compound was synthesized from [RU(IJ-02CMe)(COh]n (0.153 g, 0.708 
mmol) by a procedure analogous to that described in 7.4.4, with 1-
phenylimidazole (0.8 ml, 6.325 mmol) in place of pyridine. The precipitate was 
recrystallized from a mixture of dichloromethane and hexane and dried under 
vacuum to give a yellow powder (0.157 g, 62%). Td 197-200 DC; Anal. Calcd for 
Ru20sN4C26H22 (M 720.62): C, 43.33; H, 3.08; N, 7.77. Found: C, 42.54; H, 3.04; 
N, 7.31%. For infrared, 1H and 13C NMR and mass spectral data, refer to chapter 
4, Tables 4.3-4.6. 
7.4.10 Synthesis of [Ru2(JJ-02CMeh(CO)4(1-Butlmhl (10) 
This new compound was synthesized from [RU(IJ-02CMe)(CO)2]n (0.160 g, 0.740 
mmol) by a procedure analogous to that described in 7.4.4, with 1-butylimidazole 
(1.5 ml, 11.414 mmol) in place of pyridine. The product did not precipitate out of 
solution during the reaction. The solvent was then removed under vacuum to 
yield a light yellowish-brown oil (0.204 g, 81 %). For infrared, 1 Hand 13C NMR 
spectroscopic data, refer to chapter 4, Tables 4.3-4.5. 
7.4.11 Synthesis of [Ru(JJ-02CPh)(COhln (11) 
The compound was synthesized following the literature procedure 5 A mixture of 
dodecacarbonyltriruthenium (1.042 g, 1.630 mmol) and benzoic acid (1.476 g, 
12.086 mmol) in dry toluene (30 ml) was refluxed under nitrogen for 70 hours. 
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The reaction produced an orange red precipitate, which was filtered off, washed 
with dichloromethane, and dried under vacuum to yield a fine orange red powder, 
(0.480 g, 35%). This compound was insoluble in common organic solvents. Anal. 
Calcd for Ru04C gH5: C, 38.86; H, 1.81. Found: C, 38.91; H, 2.10%. For infrared 
spectroscopic data, refer to chapter 4, Table 4.3. 
The compound was synthesized following the reported procedure. 3,4,5 Compound 
11 (0.0794 g, 0.285 mmol) suspended in diethyl ether (5 ml) was treated with 
pyridine (1.0 ml, 12.415 mmol). The resulting orange mixture was refluxed under 
nitrogen for 3 hours. The yellow powdery precipitate obtained was recrystallized 
from a mixture of dichloromethane and hexane. The mixture was then filtered and 
yellow crystals were obtained (0.0887 g, 87%). Td 197-203 °C; Anal. Calcd for 
Ru20sN2C2sH2o (M 714.61): C, 47.06; H, 2.82; N, 3.92. Found: C, 46.86; H, 2.86; 
N, 3.64%. For infrared, 1H and 13C NMR spectroscopic data, refer to chapter 4, 
Tables 4.3-4.5. 
This new compound was synthesized by a procedure analogous to that 
described in 7.4.12, with 3-phenylpyridine in place of pyridine. 3-phenylpyridine 
(1.2 ml, 8.420 mmol) was added to a suspension of 11 (0.0979 g, 0.352 mmol) in 
diethyl ether (5 ml). The orange suspension was refluxed for 3 hours. The yellow 
powdery precipitate obtained was recrystallized from a mixture of 
dichloromethane and hexane to yield yellow crystals (0.131 g, 86%). Td 223-227 
°C; Anal. Calcd for RU20sN2C4oH2s (M 866.80): C, 55.43; H, 3.26; N, 3.23. Found: 
C, 55.14; H, 3.21; N, 2.94%. For infrared, 1H and 13C NMR spectroscopic data, 
refer to chapter 4, Tables 4.3-4.5. 
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7.4.14 Synthesis of [Ru2(IJ-02CPhh(CO)4(4-Phpyhl (14) 
This new compound was also prepared by a procedure analogous to that 
described in 7.4.12, but using a slightly modified procedure. 4-phenylpyridine 
(0.124 g, 0.799 mmol) was added to a suspension of 11 (0.100 g, 0.359 mmol) in 
diethyl ether (5 ml). The resulting orange suspension was refluxed for 3 hours. 
The yellow powdery precipitate was too fine for filtration. The supernatant solvent 
was decanted and the solid was recrystallized from a mixture of dichloromethane 
and hexane. The mixture was the filtered and yellow crystals were obtained 
(0.125 g, 80%). Td 235-240 DC; Anal. Calcd for RU20sN2C4oH2s (M 866.80): C, 
55.43; H, 3.26; N, 3.23. Found: C, 55.26; H, 3.20; N, 2.98%. For infrared, 1H and 
13C NMR spectroscopic data, refer to chapter 4, Tables 4.3-4.5. 
This new compound was synthesized from [Ru(fJ-02CPh)(COh]n by a procedure 
analogous to that described in 7.4.12. The polymer 11 (0.100 g, 0.359 mmol) 
suspended in diethyl ether (5 ml) was treated with 1-methylimidazole (1.3 ml, 
16.307 mmol). The resulting yellow mixture was refluxed for 3 hours under 
nitrogen. The product did not precipitate out of solution during the reaction. The 
solvent was then removed under vacuum, and a yellowish brown residue was 
washed with a mixture of dichloromethane and hexane, yielding a yellowish 
brown oil (0.0945 g, 73%). For infrared, 1H and 13C NMR spectroscopic data, 
refer to chapter 4, Tables 4.3-4.5. 
This new compound was prepared from [Ru(fJ-02CPh)(CO)2]n (0.102 g, 0.367 
mmol) by a procedure analogous to that described in 7.4.15 with 1-butylimidazole 
(1.3 ml, 9.892 mmol) in place of 1-methylimidazole. The product obtained from 
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this reaction was also a yellowish brown oil (0.103 g, 70%). For infrared, 1 Hand 
13C NMR spectroscopic data, refer to chapter 4, Tables 4.3-4.5. 
A suspension of [RU(I-l-02CMe)(CO)2]n (0.151 g, 0.699 mmol) in diethyl ether (10 
ml) was treated with a solution of tricyclohexylphosphine (0.324 g, 1.155 mmol) in 
diethyl ether (10 ml). The resulting mixture was heated under reflux but no 
reaction was observed after 3 days. The same procedure was repeated using 
benzene and again using toluene as the solvent, but still no reaction was 
observed after prolonged refluxing. In all cases, the starting material was 
recovered at the end of the reaction. 
7.5 CATALYTIC ALKANE OXIDATION REACTIONS 
The catalytic oxidation reactions were performed on cyclohexane and octane 
using 30% aqueous hydrogen peroxide as oxidant, and were based on previous 
procedures reported in the literature. 6 The effects of temperature (20, 50 and 80 
DC), nature of solvent (acetonitrile, trifluoroethanol and dichloromethane), catalyst 
concentration (8.35 x 10-5 , 1.67 x 10-4 and 3.34 x 10-4 M) and oxidant 
concentration (0.84, 1.67 and 2.48 M) on cyclohexane conversions were 
evaluated. 
The actual experiments were carried out in air at 80 DC (except where stated 
otherwise) in sealed glass tubes (10 ml). Solutions of alkane and catalysts in 
CH 3CN were added to the tubes and the reactions were initiated by addition of 30 
% aqueous solution of H20 2. The concentration of the catalysts was 1.67x1 0-4 M 
and that of H20 2 was 1.67 M, while the concentration of the substrates was 0.84 
M, giving the catalystsubstrate:oxidant molar ratio of 1 :5000: 1 0000. The total 
volume of the solution in the tubes was made up to 3 ml by addition of CH3CN. 
The reaction mixtures were stirred for 24 hours and the oxidation products were 
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analyzed by gas chromatography. Peaks were identified by comparing their 
retention times with those of authentic standards. The yields of oxidation 
products were calculated as the relative percentage area of products/substrate 
and the turnover numbers (TONs) were calculated as the number of moles of 
products per mole of catalyst. Blank control experiments were also conducted in 
the absence of the catalyst under the same reaction conditions, and no oxidation 
products (or only in very low yields) were detected. All reactions were run at least 
in triplicate since no internal standard was used, and the data reported represent 
the average of these reactions. 
7.6 ELECTROCHEMISTRY 
Cyclic voltammetry was performed at ambient temperature using a Bioanalytical 
Systems Inc. BAS 100W Electrochemical Analyzer with a one-compartment 
three-electrode cell system comprising a platinum disk working electrode, a 
platinum wire auxiliary electrode and a Ag/Ag+ reference electrode (0.01 M 
AgN03 and 0.1 M [n-Bu4N][CI04] in anhydrous acetonitrile). All measurements 
were made on anhydrous dichloromethane solutions which were ca. 2 mM in 
sample and contained 0.1 M [n-Bu4N][CI04] as background electrolyte. An IR 
compensation circuit was employed for all measurements. Unless otherwise 
stated, the scan rate used was 100 mV S-1, beginning from the most negative 
potential and initially scanning in the anodic direction. Under these conditions the 
ferrocene/ferrocenium couple, which was used as a reference, had an E1I2 value 
of +0.20 V and I1Ep = 78 mV. All solutions were purged with argon and 
voltammograms were recorded under a blanket of argon. The platinum disk 
working electrode was polished between runs. 
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7.7 ATTEMPTED OXIDATIVE ADDITION REACTIONS 
7.7.1 Attempted thermal and photochemical reactions 
Experimental details 
The reactivity of complexes 4 and 5 with cyclohexane, octane and decane, have 
been investigated by thermal and photochemical means. In a typical thermal 
experiment, 5 ml of dry cyclohexane, octane or decane was added to the 
complex (20 mg) in a sealed glass vessel. The mixture was heated for 48 hours 
or longer. The experiments were conducted both under nitrogen and in air. 
Photochemical reactions were conducted in a similar manner for ca. 28 hours at 
room temperature. The reactions were monitored by infrared spectroscopy by 
observing changes in the u(CO) region (1500-2200 cm-1) of the spectrum. In all 
cases no reaction was observed and the respective starting diruthenium 
complexes were recovered. 
7.7.2 Attempted thermal reaction of complex 4 with Mel 
To a reaction vessel containing a solution of complex 4 (0.050 g, 0.085 mmol) in 
dichloromethane (5 ml) was added 1 equivalent of methyl iodide (0.012 g, 0.085 
mmol). The yellow solution was heated under reflux for 48 hours, after which 
time, a yellow solid (which turned out to be the starting material) precipitated out 
of solution. The reaction was repeated in refluxing acetonitrile and also using 
THF as the solvent. The same procedure was again repeated in acetonitrile, but 
using excess Mel, and also in neat Mel. In all cases no reaction was observed 
and the starting diruthenium compounds were recovered. 
7.7.3 Attempted thermal reactions of complexes 4 and 5 with Me3NO 
The thermal reactions of complexes 4 and 5 with 1 mole of trimethylamine oxide 
(Me3NO) in the presence of excess donor ligands (pyridine or 1-methylimidazole) 
were carried out in an attempt to prepare [RU2(~-02CCH3)2(COh(Lh]. 
Trimethylamine oxide dihydrate (Me3NO.2H20) (0.010 g, 0.090 mmol) in 
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methanol (5ml) was added dropwise over 0.5 hours to a warmed suspension of 
complex 4 (0.054 g, 0.091 mmol) containing excess pyridine in acetonitrile 
(15ml). The reaction mixture was then refluxed for 48 hours. The solvent was 
removed under vacuum and the residue obtained was analyzed by IR. The same 
reaction was repeated using hexane and again using benzene as the solvent. A 
similar reaction procedure was also carried out using complex 5 instead of 4. In 
all cases, no reactions were observed and the starting diruthenium compounds 
were recovered. 
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